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2 .  Research  Program 

The  research  programs  are: 

■  *  .  ■  •  • ,  >  .  •  *  ; 

(1)  Thermoelectricity  at  very  low  temperatures: 

(2)  Physics  of  Adsorbed  Gas  Layers  and  Desorption 
^Refrigeration.’ 

(3)  Experimental  Studies  of  Cryogenic  Refrigeration.'  .. 
Under  (1)  The  absolute  thermo-electric  power  S,  of  long 

single  crystals  of  99.9999%  pure  gallium  have  been  measured  as 
a  function  of  temperature,  crystal  orientation,  size  and  impuri¬ 
ties  between  4.2K  and  1.4K  using  a  superconducting  quantum  inter- 
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ference  galvanometer  with  sensitivity  of  10  volts. 

It  was  found  that  the  anisotropy  of  the  metal  affects  the 
thermo-power  in  a  dramatic  way.  The  algebraic  sign  of  the  thermo¬ 
electric  power  along  the  A  and  B  axes  was  positive  throughout  the 
temperature  range  covered  and  for  all  the  sizes  employed.  The 
thermo-electric  power  along  the  C-axis  changed  sign  from  positive 
to  negative  as  the  temperature  was  reduced.  All  the  results  in- 
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indicated  that  the  thermo-electric  power ,  S(i)il~h,  B  or  c, 
was  a  uonotonically  increasing  function  of  temperature  and 
for  constant  size$(A)>S  (B)  >  S  (C) .  ;?arthermore  S  in¬ 
creased  as  the  diameter  (d)  of  the  s  ample  was  reduced.  The 

—  B 

~a?ues  of  tht  measured  S  ra^"  3  L  ;t\  - eri  -2.3  to  12.0  x  10 
V/°K. 

The  temperature  dependence  of  S  th»  a  and  B-axes 

is  explained  on  the  basis  of  contributions  from  (1)  electron 
diffusion,  (2)  phonon  drag,  (3)  processes  which  contribute  to 
deviations  from  Matthiessen ' s  rule  in  the  electrical  resis¬ 
tivity  and  (4)  higher  order  electron -phonon  processes  (so- 
called  "phoney  phonon  drag").  The  temperature  dependence  of 
S  along  the  C-axis  is  interpreted  on  the  basis  of  an  approach 
suggested  by  Bailyn  (1960),  which  was  applied  to  data  on  the 
alkali  metals  by  MacDonald  et.  al.  (i960) ,  assuming  the  exis¬ 
tence  of  Umklapp  electron-phonon  scattering. 

The  variation  of  the  diffusion  thermo-electric  power  with 
changes  in  the  dimensions  of  the  samples  is  obtained  by  extra¬ 
polation  of  the  data  to  absolute  zero.  The  size-dependent  be¬ 
havior  is  then  discussed  in  terras  of  a  simple  model  based  on 
Nordhiem's  rule  (1935)  and  the  sign  and  the  order  of  magnitude 


of  the  rate  of  change  with  energy  of  the  electronic  mean  free 
path  (b&ld/dG)  and  of  the  Fermi-surf ace  area  is 

obtained  and  compared  with  the  results  obtained  on  gold  by 
Huebner  (1964)  .  The  value  of  is  negative  for  all  three 

axes  and  its  magnitude  is  smallest  for  B-axis  and  largest  for  C- 

axis.  The  quantity  fd is  positive  for  all  three  axes. 

V  F'  ' 
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In  addition,  the  thermo-electric  power  of  gallium  alloys 
with  the  indium  and  tin  as  impurity  was  clao  measured.  The  re¬ 
sults  are  interpreted  in  the  light  of  recent  theoretical  pre¬ 
dictions  of  Nielsen  and  Taylor  (1970) .  The  characteristic 
thermo-electric  pci/er  of  indium  and  tin  as  a  function  of  tem¬ 
perature  is  obtained  using  Kohler’s  (1949)  formula. 

Two  papers  on  the  above  work  are  being  prepared  for  pub¬ 
lication. 

Under  (2)  a  great  deal  of  work  has  been  done  and  iis  is 
reported  in  fcne  following  papers,  reprints  of  which  are  includ¬ 
ed  in  this  F.  oort: 

.  3  i 

1.  "Absorption  of  H2  md  r.»  ^  cious  substrates 

below  30K".  J.G.  '  . c  and  E.  Lerner,  Proc.  2nd 

Intemat.  Symp.  ou  ‘Adsorption  &  Desorption  Phenomena'1, 
Florence,  Apr.  1971.  p.  127.  Published  by  Academic 
Press,  1972. 

2.  "Measurement  of  Molecule-Surface  Binding  Energies  by  a 

Time-of -Flight  Diffusion  Method",  F.  Pollock,  H.  Logan, 
J.  Hobgood  and  J.G.  Daunt.  Phys.  Rev.  Letters  28,346, 
1972.  “ 

3  4 

3.  "Adsorption  of  He  and  He  on  Copper  and  on  Argon- 
coated  Copper  below  20K",  J.G. Daunt  and  E.  Lerner, 
Journal  Low-Te.nperature.  Phys.  jJ,  79.  1972 

4.  "Transitions  in  Neon  Sub monolayers  Adsorbed  on  Argon 
Coated  Grafoil",  E.  Lerner,  S.G.  Hegde  and  J.G. Daunt. 
Phys-Letters.  41A,  239.  1972. 

4 

5.  "The  Specific  Heats  of  Submonolayers  of  He  Adsorbed  on 
Copper  and  on  Argon  and  Neon  monolayers  on  Copper  at 
Low  Temperatures".  P.  Mahadev,  M.  F.  Panczyk, 

R.  A.  Scribner  and  J.  G.  Daunt.  Phys.  Letters  41A. 

221.  1972. 

6.  "Some  Properties  of  Two  Phase  Submonolayers  of  Adsorbed 
He’.ium".  J.  G.  Daunt.  Phys.  Letters.  41A,  223.  1972 
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7.  "Desorption  Cooling  below  12K  using  He  desorbed  from 
Synthetic  Zeolite",  J.  G.  Daunt  and  C.  Z.  Rosen. 
Cryogenics  L2,  201.  1972 

Under  (3)  we  have  designed,  constructed  and  put  into  oper¬ 
ation  a  new  type  of  refrigerator,  which  maintains  temperatures 
down  to  0.25K,  and  which  only  uses  a  supply  of  liquid  nitrogen. 
Details  of  this  refrigerator  will  be  presented  in  our  next 
Report. 


John  G.  Daunt 
December  31,  1972 


“ADSORPTION  -  DESORPTION  PHENOMENA” 

Publ.  Academic  Press,  1972 

ADSORPTION  OF  3  HE  AND  4  HE  ON  VARIOUS 
SUBSTRATES  BELOW  30°K* 

J.  G.  DAUNT  and  E.  LERNER 

Stevens  Institute  of  Technology .  Hoboken,  New  Jersey,  USA 


I.  INTRODUCTION 

This  paper  gives  a  brief  preliminary  report  on  some  recent  measurements  of 
adsorption  isotherms  of  3 He,  4 He  and  neon  deposited  on  copper  and  on 
argon-coated  copper.  It  also  presents  some  previous  (Daunt  and  Rosen,  1970a) 
data  on  the  adsorption  of  3He  and  4 He  on  synthetic  zeolite  for  comparison*with 
the  recent  data.  From  the  data  the  isosteric  heats  of  adsorption  are  calculated  as 
i  function  of  coverage,  and  information  regarding  the  monolayer  coverage 
rduced. 


II.  THE  EXPERIMENTAL  ARRANGEMENTS 

The  measurements  were  made  using  apparatus  which  has  been  described 
elsewhere  (Daunt  and  Rosen,  1970a).  The  range  of  pressures  covered  was  from 
about  0.2S  mmHg  to  75  mmHg  and  the  temperature  range  from  4.2°K  to  26° K. 
The  filling  tube  going  from  com  temperature  down  to  the  cold  specimen 
chamber  had  an  inner  diameter  2.16  mm.  The  thermomolecular  pressure 
corrections  necessitated  by  this  tube,  which  connected  the  specimen  at  the  low 
temperature  to  the  pressure  gauge  at  room  temperature,  were  not  greater  than 
3%  for  pressures  of  0.5  mmHg  and  above.  All  necessary  corrections  for  void 
volumes,  gas  non-ideality,  etc.  were  carried  out  in  the  same  manner  as  described 
previously  (Daunt  and  Rosen,  1970a). 

The  copper  surface  for  these  adsorption  studies  was  made  in  the  form  of  a 
sponge  by  sintering  pressed  copper  powder  (“Druid  Copper”,  Grade  MD60  made 
by  Alcan  Metal  Powders  Inc.)  of  average  particle  size  2  x  2  x  0.5  microns  in  a 
hydrogen  furnace  at  650°C  for  0.5  hours.  This  construction  assured  temperature 

*Wotk  supported  by  a  contract  with  the  Department  of  Defense  (Themis 
Program),  the  Office  of  Naval  Research  and  by  a  Grant  from  the  National 
Science  Foundation. 
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homogeneity  over  the  whole  adsorbing  surface.  The  specimen  used  in  the 
measurements  comprised  three  such  copper  sponges  in  the  form  of  discs,  SjOO 
cm  dia.  and  0.68  cm  thick  each,  with  a  total  mass  of  1 70  g.  The  fitting  factor  was 
47.7%. 


III.  THE  SURFACE  AREA  OF  THE  COFFER  SFONOE 

The  surf»««  area,  £,  of  the  specimen  was  obtained  from  measurements  of 
adsorption  isotherms  of  N2  and  argon  taken  at  77.3°K.  The  isothetvu  proved 
very  reproducible  and  showed  no  hysteresis.  They  were  typical  Type  II 
isotherms  (Young  and  Crowell,  1962)  and  the  value  of  the  monolayer  coverage, 
Vm  was  estimated  by  the  “Point  B”  method  (Young  and  Crowell,  1962).  The 
results  are  given  in  table  1. 


Table  1.  The  monolayer  coverage,  Vm,  and  the  surface  area  £  as  deduced 
from  Nj  and  argon  isotherms  on  a  copper  sponge  at  77.3°K  (see  text). 
The  molecular  areas,  tt,  are  taken  from  Young  and  Crowell  (1962) 


Substance 

cms(S$P)/g 

a 

A2 

£ 

m*/g 

N, 

0.11 

16.2  (liquid) 

0.48 

Nj 

an 

13.8  (solid) 

a4i 

Ar 

0.11 

13.8  (liquid) 

0.41 

Ar 

0.11 

12.8  (solid) 

a38 

The  surface  area  £  in  m2/g  was  calculated  from  Vm,  using  the  formula 
(Young  and  Crowell,  1962) 

£*0.269  Vmo 

where  o  is  the  molecular  area  of  the  adsorbed  gas  in  A2  and  Vm  is  in 
cm3(STP)/g.  As  has  been  discussed  many  times,  and  reviewed,  for  example  in  a 
previous  paper  (J.  G.  Daunt  and  C.  Z.  Roren,  1970a),  there  is  a  question  as  to 
whether  the  o  for  N2  should  be  taken  to  be  that  for  the  liquid  state  (16.2  A2)  or 
that  for  the  solid  state  (13.8  A2).  In  table  I  we  show  the  values  of  Vm  and  £  for 
N2  and  Argon  obtained  from  our  77.3°K  isotherms,  where  £  is  deduced  from  o 
values  both  for  the  liquid  and  the  solid  state.  It  will  be  seen  that  £  deduced  from 
the  N2  (solid)  isotherm  is  about  8%  lower  than  that  obtained  from  the  argon 
(solid)  isotherm.  A  similar  discrepancy  between  the  N2  and  argon  data  for 
evaluation  of  £  was  observed  previously  (Daunt  and  Rosen,  1970a)  in  our 
synthetic  zeolite  adsorption  measurements.  The  cause  of  the  discrepancy  is  not 

r-"  7 


ADSORPTION  OF  *HE  AND  4HE  ON  VARIOUS  SUBSTRATES 


129 


dear,  but  may  be  associated  with  some  uncertainty  in  the  value  of  o  for  argon. 

We  have  chosen  o  for  solid  N2  as  appropriate  for  calculation  of  Z,  giving  a 
result  of  Z  *0.41  m2/g  for  our  copper  sponge.  This  value  has  been  used  in  all 
data  presented  in  this  paper. 


IV,  THE  MEASURED  ISOTHERMS 

Figures  1  and  2  show  the  adsorption  isotherms  of  4  He  on  the  dean  bare 
copper  sponge  and  on  a  monolayer  of  argon  deposited  on  the  same  sponge  at  the 
fallowing  temperatures:  6.18%  7.90%  9.65%  11.60%  13.50%  15.08°lf 


Fig.  1.  Adsorption  isotherms  for  4He  on  bare  Cu  at  temperatures  as  marked. 

and  18.55%  In  depositing  the  argon,  an  amount  of  argon  gas  corresponding  to 
the  measured  amount  required  at  77.3°K  to  form  a  monolayer  was  admitted  to 
the  sample  cell  at  room  temperature,  the  cell  was  then  coded  slowly  over  a 
period  of  19  hours  from  room  temperature  to  liquid  helium  temperature.  This 
permitted  adequate  time  for  the  argon  to  diffuse  throughout  the  copper  sponge 
and  to  deposit  evenly  on  it.  By  comparing  figures  I  and  2,  it  will  be  noted  that 
at  any  given  temperature  and  pressure,  the  amount  of  4He  adsorbed  on  the 
argon  covered  copper  sponge  is  less  than  that  adsorbed  on  the  bare  sponge. 

The  data  for  3  He  adsorbed  or>  bare  copper  at  the  same  selected  temperatures 
am  shown  in  figure  3.  By  comparison  with  figure  1  for  4He  on  bare  copper,  it 
will  be  seen  that  the  3He  curves  show  smaller  adsorption  at  any  given 
temperature  and  pressure.  However  at  the  highest  temperatures  and  pressures 
reported  these  differences  are  very  small  and  within  experimental  error..  This 
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<«ult  is  in  qualitative  agreemwt  with  the  companion  of  adsorption  of  3 He  and 
4He  on  synthetic  zeolite  13X  as  shown  in  figures  4  and  5  and  as  reported 
previously  (Daunt  and  Rosen,  1970a). 


Fig.  2.  Adsorption  isotherms  for  4He  on  monolayer  of  argon  on  Cu  at 
temperatures  as  marked. 


Comparison  of  figures  2  and  3  shows  that  the  introduction  of  an  argon 
monolayer  on  the  copper  lowers  the  adsorption  of  4He.  even  below  that  of  3He 
on  bare  copper. 

In  order  to  make  a  qualitative  and  quantitative  comparison  of  the  results 
using  the  copper  sponge  with  earlier  ones  using  synthetic  zeolite,  we  show  in 
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figures  4  and  5,  on  the  same  scale  in  cmJ(STP)/m2,  the  adsorption  isotherms  for 
4He  and  3 He  on  synthetic  zeolite  (Linde  Molecular  Sieve,  Type  13X)  as 
measured  in  our  laboratory  previously  (Daunt  and  Rosen,  1970a)  at  the 


MltklM  mm  H 


Fig.  4.  Adsorption  isotherms  of  4  He  on  synthetic  zeolite  13X  at  tempera¬ 
tures  as  marked. 


Fig.  S.  Adsorption  isotherms  of  3  He  on  synthetic  zeolite  13X  at  tempera¬ 
tures  as  marked. 


following  temperatures:  4.2°K,  5.1 1°K,  8.0°K,  10.0°K,  12.0°K,  14.0°K,  16.0°K 
and  20.0°K.  The  character  of  these  adsorption  curves  seems  to  differ  from  those 
found  with  the  copper  sponge;  they  appear  much  “flatter”  in  the  higher  pressure 
ranges.  This  may  be  associated  with  much  smaller  sizes  of  the  voids  in  the 
zeolite. 


132 


J.  G.  DAUNT  AND  £.  LERNER 

Figure  6  shows  the  measured  neon  adsorption  isotherms  on  the  bare  copper 
sponge  and  on  the  copper  sponge  coated  with  a  monolayer  of  argon  at  22.6#K 
anc  *.♦  25.75°K.  Here  he  much  lower  adsorption  on  the  argon  monolayer  as 
c-  *  *  \  with  the  adsorption  on  the  bare  copper  is  clearly  evident. 


Fig.  6.  Adsorption  isotherms  for  neon  on  bare  Cu  and  on  monolayer  of  argon 
on  Cu  at  temperatures  as  marked. 


V.  THE  1SOSTERIC  HEAT  OF  ADSORPTION 

The  data  of  figures  1 ,  2,  3, 4,  and  6  have  been  used  to  construct  plots  of  In  p 
versus  1/r  for  various  constant  coverages  (V  constant).  It  was  found  that  these 
plcu  were  linear  over  a  wide  range  of  temperature.  The  slope,  |9  In  p/d(\/T)\Vtis 
equal  t<  -  Qst/R,  where  Qst  is  the  isosteric  heat  of  adsorption.  The  results  of  these 
computations  are  shown  in  figures  7  and  8  which  give  Qst/R  in  degrees  Kelvin  as 
a  function  of  the  coverage,  V  in  cm3(STP)/m2. 

Figure  7  shows  the  results  for  neon  on  bare  copper  and  on  copper  covered 
with  a  monolayer  of  argon;  for 4 He  on  the  bare  copper  and,  for  comparison,  for 
He  on  synthetic  zeolite  (Linde  Molecular  Sieve,  13X).  The  latter  results  were 
recomputed  from  data  presented  in  a  previous  paper  (Daunt  and  Rosen,  1970a). 

It  will  be  seen  that  gj,  is  significantly  lower  at  all  coverages  for  neon  on  a 
monolayer  of  argon  deposited  on  copper  than  for  neon  on  bare  copper.  At  a 
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Fig.  7.  The  isosteric  heat  of  adsorption,  Qst/R,  as  a  function  of  coverage  V/Z 
for:  Neon  on  bare  Cu  and  on  monolayer  of  argon  on  Cu;  4He  on  synthetic 
zeolite  13X  and  4  He  on  bare  Cu. 


* 


Fig.  8.  The  isosteric  heat  of  adsorption,  Qst/R,  as  a  function  of  coverage  V/Z 
for  4 He  on  bare  Cu  and  on  monolayer  of  argon  on  Cu;  — o—  (Wallace  and 
Goodstein,  1970)  and  3 He  on  bare  Cu, 
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t 

coverage  of  0.24  cm3(STP)/m2.  QtJR  for  neon  on  copper  is  400°K  and  for 
neon  on  a  monolayer  of  argon  on  copper  Qst/R  is  320°K. 

Figure  7  shows  that  the  Q»  values  for  4He  are  significantly  lower  than  those 
for  neon.  At  a  coverage  of  0.24  cm3(STP)/m2  Qst/R  is  83°K  for  4He  on  bare 
copper  and  1 62°K  on  synthetic  zeolite  1 3X.  As  is  clearly  shown  in  figure  7,  Q„ 
for  4He  on  bare  copper  is  much  lower  than  that  on  zeolite  13X  at  any  chosen 
coverage  below  about  0.4  cm3(STP)/m2.  The  Qj,  values  for  neon  are  not  as 
secure  as  those  for  4He.  because  of  the  relatively  much  smaller  number  of 
isotherms  of  neon  from  which  calculations  are  made.  This  relative  imprecision 
particularly  refers  to  the  coverage  dependence  of  . 

Figure  8  shows  Qs,/R  Versus  coverage  for  3  He  and  4He  on  the  bare  copper 
and  for  4He  on  a  monolayer  of  argon  on  copper.  It  also  shows  three  points  taken 
from  extensive  data  by  Wallace  and  Goodstein  (1970)  for  4He  on  a  monolayer 
of  argon  on  copper,  fhe  agreement  between  our  results  anr^  those  of  Wallace  and 
Goodstein  is  fair  and  probably  within  the: errors  introduced  in  the  normalization 
of  Wallace  and  Goodstein’s  data  to  our  own.* 

It  appears  that  Qs,  at  any  chosen  coverage  for  4  He  on  the  bare  copper  is 
higher  than  that  for  3He  also  on  the  bare  „opper.  In  comparing  4He  on  bare 
copper  and  on  the  argon  monolayer,  it  appears  that  below  a  coverage  of  about 
0.25  cm3(STP)/m2.  Qsr  on  argon  is  smaller  than  on  the  bare  copper,  however 
above  the  stated  coverage  there  appears  to  be  little  difference  between  the 
observed  Qs,  values. 

Although  the  precision  in  the  Qst  values  is  much  poorer  than  those  in  the 
observed  adsorption  isotherms,  a  feature  which  makes  it  difficult  to  interpret 
closely  the  variation  of  Qs,  with  coverage,  two  mam  features  appear  in  figures  7 
and  8  for  the  helium  data,  namely 

(1 )  There  appears  to  be  a  change  in  slope,  or  perhaps  an  inflexion  at  about 
V=  0.24  for  4 He  both  on  bare  copper  and  on  the  argon  monolayer  and  at  about 
0.1 7  cm3(STP)/m2  for  3He  on  bare  copper. 

(2)  Both  above  and  below  these  coverages,  Qs,  is  dependent  on  coverage  and 
shows  uttle  sign  of  becoming  independent  of  coveragk  even  at  the  coverages 
observed. 

We  interpret  these  two  features  as  follows: 

(1 )  The  inflexions  are  interpreted  as  indicating  the  approximate  coverage  at 
which  the  first  layer  of  adsorbed  gas  is  completed.  This  yields  Vm  values  as 
follows:  For  4 He  on  bare  copper  and  on  the  argon  monolayer  on  copper 
Vm  ~0.24  cn'(STP)/m2,  For  3He  on  bare  copper  0.17  cm3(STP)/m2.  These 

*  To  normalize  Wallace  and  Goodstein's  (1970)  data  to  our  own,  we  have 
taken  our  4  He  on  the  argon  monolayer  to  have  a  monolayer  capaci'y,  Vm,  of 
0.24  cm3(STP)/m2  as  explained  in  ihe  text  above  No  change  has  been  made  in 
Wallace  and  Goodstein’s  data,  nor  can  a  comparison  of  our  f’OT  value  with  their 
data  be  made,  since  they  did  not  specify  the  surface  area  of  their  adsorbent 
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vaices.  a i  to  be  compared  with  some  previous  values,  such  those  of  McCormick 
et  aL  (I !  68)  who  quoted  V„  -  033  for  4He  and  0.29  for  3He  on  bare  copper 
and  these  of  Daunt  and  Rosen  (1970a)  who  quoted  Vm  to  be  probably  less  than 
0.29  cm3(STP)/m2  for 4 He  on  synthetic  zeolite  and  0.26  cm3(STP)/m2  for  3 He 
on  the  same  adsorbent  (Daunt  and  Rosen,  1970b). 

Table  2.  Data  of  isosteric  heat  'Qa)  and  estimated  monolayer  coverage  (VQ). 


QJR.  (K) 

At  monolayer 

Vm 

capacity 

-^(STP)/m2 

He3  on  bare  copper 

88 

0.17 

He4  on  bare  copper 
He4  on  Ar  monolayer 

83 

0.24 

on  Cu 

76 

0.24 

QsJR  (K) 

At  V=  0.24  cm3(STP)/m2 

Neon  on  bare  copper 
Neon  on  Ar  monolayer 

400 

onCu 

320 

The  observation  that  Vm  for  4He  appears  to  be  approximately  the  same  for 
adsorption  on  i  <•»■.,  copper  as  on  the  argon  monolayer,  taken  with  the  fact  that 
the  Qff  values  do  not  differ  significantly  for  the  two  substrates,  presumably 
indicates  that  the  surface  area  for  adsorption  is  not  different  for  the  two 
substrates. 

(2)  The  way  Qu  continues  to  increase  as  the  coverage  is  reduced  below  the 
monolayer  coverage  for  the  helium  on  all  substrates  used  is  interpreted  as 
indicating  inhomogeneity  of  adsorbing  sites. 

We  sum  up  our  data  on  Qu  and  Vm  values  in  table  2,  which  gives  our 
evaluation  of  the  quantities  on  the  various  substrates  at  monolayer  coverage. 
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A  kinetic  method  for  measuring  the  properties  of  solid  surfaces  is  described,  zai  re¬ 
salts  are  reported  for  the  binding  of  heUun  on  ci^per  and  copper  thickly  plated  wi ihar- 

r* 


The  purpose  of  this  paper  is  tc  describe  a  tech¬ 
nique  for  studying  die  properties  of  solid  si  r- 
faces  and  to  report  the  results  of  the  initial  in¬ 
vestigations  on  atomic  binding  energy  to  surface 
sites  using  this  method.  The  method  uses  kine¬ 
tic  rattier  than  static  measurements.  Lt  the  first 
series  of  experiments  we  have  measured  charac¬ 
teristic  time:  for  the  transit  of  a  pulse  of  helium 
gas  through  a  long  narrow  tube  (tube  diameter  < 
mean  free  path  for  molecule-molecule  collision). 
Keeping  in  mind  that  the  arguments  apply  to  otter 
geometries,  we  shall  use  this  one  to  fix  our  ideas. 
Provided  the  gzs  of  the  inprt  pulse  is  sufficiently 
dilute,  the  molecules  execute  a  one-dimensional 
random  walk  with  each  step  terminating  at  the 
tube  wall.  The  rate  transit  down  a  tube  de- 
pendr  on  the  diffusion  constant  for  one-dimension¬ 
al  motion  which  is  given  fay 

D=lX7/T,  (1) 

where  If*~  (diameter)*  is  the  mean  square  step 
length  and  is  essentially  temperature  independent, 
and  f  is  the  mean  step  time  which  does  depend  on 
the  temperature  of  the  system.  There  are  two 
contributions  to  f.  First,  there  is  the  kinetic 
part  f f  depending  on  the  temperature  through  the 
rms  molecular  speed.  This  part  should  vary  as 
T',/*.  For  our  geometry  f/- 10'5-10*9  sec.  The 
other,  more  interesting  part,  is  the  capture  time 
on  the  surface.  One  expects  that  <ts  principal 
temperature  dependence  will  be  exponential,  and 
arguments  can  be  made  making  this  conjecture 
more  precise.  If,  now,  4  is  the  probability  that 
an  incident  particle  will  be  captured  and  fe  the 
capture  time,  one  can  write  for  f 

t  =  (1  -  4)7/  +  t(f/  +  fe)=f/  +  4fe.  (2) 

Thus,  any  characteristic  time  of  the  diffusion  pro¬ 
cess  will  depend  on  7f  and  the  product  (fe . 

An  analysis  of  the  adsorption-desorption  pro¬ 
cess  can  be  made  analogous  to  the  Einstein  treat¬ 
ment  of  the  adsorption  and  emission  of  radiation 
by  atoms.  Here,  since  the  processes  depend  on 
surface  and  molecular  properties  and  the  temper¬ 
ature  o!  the  system,  we  may  consider  a  system 


in  equilibrium  at  temperature  T,  consigai^  of  a 
gas  of  N0  molecules  of  iterest  in  a  volume  V, 
surrounded  by  a  surface  made  of  the  solid  of  in¬ 
terest  whose  area  is  A.  We  assume  a  single  bind¬ 
ing  energy  per  site  of  iV(W>0)  and  v  sites  per 
'-urit  area.  The  density  of  atoms  both  in  the  gas 
and  on  the  surface  is  low  so  that  molecule-mole¬ 
cule  interactions  may  be  safely  neglected. 

We  then  have  a  simple  problem  in  statistical 
mechanics.  The  density  of 'particles  on  the  sur¬ 
face  is 


o^Z-'HjexpiW/kT),  (3) 

where  Z  is  the  single-particle  partition  function. 
The  gas  density  is 

p =z"  (2**)*  J  exp(^r) dip 

From  elementary  kinetic  theory,  the  flux  of  mole¬ 
cules  striking  the  surface  is 

7=SPB,  (5) 

where  0  is  the  rms  molecular  speed,  and  the  num¬ 
ber  captured  par  unit  time  per  unit  area  is,  by 
definition  of  the  capture  probability  4, 

fo/dtai„ptao=iipV.  (6) 

From  the  definition  of  the  mean  lifetime  rc  we 
have 


do  —o/tc  . 

Detailed  balance  then  gives 

tf  v  *r/*7 

e  v  2  nm  k3T * 


(7) 

(8) 


which  is  the  result  we  sought  and  which  has  the 
interesting  property  that  while  4  and  fc  separate¬ 
ly  depend,  sensitive!;-  perhaps,  on  dynamical  de¬ 
tails  of  the  molecule- surface  interaction,  their 
product  depends  only  on  gross  properties — the 
binding  energy,  the  density  of  sites,  and  the  mole¬ 
cular  mass.* 

The  pre-exponential  factor  in  (8)  is  very  small 
compared  with  f f  for  all  interesting  tempera¬ 
tures.  The  consequence  of  this  is  that  one  must 
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opnxate  at  temperatures  much  lover  than  V/k  to 
drtaet  (fee  effect  of  capture  time.  As  a  result  tfee 
tine  of  traaait  of  the  pulse  is  extremely  sensitive 
to  both  tfee  temperature  and  the  binding  energy, 
typically,  biadirg  energies  between  100  and 
MOT  require  operating  at  temperatures  between 
5  and  11X.  With  the  use  of  noble  gases.we  haw 
than  a  very  sensitive  yet  gentle  probe  oi  .mrface 
properties,  especially  since  mass  v^fr  .'wtry 
— fc**  possible  the  detectioo  of  a  very  low  den¬ 
sity  of  molecules.2 

The  experimental  arrangement  is  simple.  In 
our  mh«<  experiments  the  transit  tube  was  of 
copper,  400  cm  long  and  0.32  cm  Ld.,  which 
could  be  maintained  isothermally  at  any  tempera¬ 
ture  in  the  range  4.2  to  77°K.  Helium  gas  could 


factor.  S  is  toe  signal  strength,  t  U  the  time. 

be  Injected  into  one  end  of  the  tube,  at  a  tempera¬ 
ture  equal  to  that  of  the  tube.  For  a  measure¬ 
ment,  a  square  step  pulse  of  helium  of  approxi¬ 
mately  10  cm  width  is  introduced  into  one  end  of 
the  evacuated  tube  and  the  time  noted.  The  num¬ 
ber  of  particles  in  the  pulse  is  sufficiently  small 
as  to  justify  toe  neglect  of  molecule- molecule  in¬ 
teractions  both  in  toe  gas  and  on  toe  surface.  A 
mass  spectrometer,  in  this  case  a  standard  leak 
detector,  measures  the  flow  of  helium  from  toe 
other  end  of  toe  tube  and  toe  signal  is  displayed 
on  a  chart  recorder.  Typical  transit  times,  mea¬ 
sured  to  toe  half-height  of  the  leading  edge  of  the 
pulse,  range  from  about  9  sec  at  15°K  to  about 
10  min  or  more  at  the  low-temperature  end  of  the 
range.  Figure  1  shows  a  typical  output  signal. 

The  output  pulse  shape  is  found  to  agree  quite 
well  with  the  results  of  one-dimensional  diffusion 
theory  with  small  discrejiancies  that  are  tempera¬ 
ture  dependent,  <.e  ,  at  high  temperatures  it  is 
slightly  narrower  than  theory  predicts,  while  it 
is  wider  at  low  temperature.  This  effect  is  not 
yet  completely  understood,  but  does  not  seem  to 
affect  toe  shape  of  the  leading  edge  of  the  output 
pulse  from  which  the  data  are  taken. 


The  most  convenient  quantity  to  measure  seems 
to  be  the  time  of  arrival  of  the  half-maximum  on 
toe  rising  slope  of  the  output  curve.  From  the 
previews  considerations  we  can  write 

(») 

where  a  small  constant  term  doe  to  lead-in  and 
lead-out  delays  is  neglected,  hi  Tig.  2  we  show  a 
typical  curve  for  half  times,  tl/v  on  the  bare 
copper  surface  of  the  transit  tube  (which  presum¬ 
ably  has  an  oxide  coating  and  perhaps  other  im¬ 
parities).  hi  Fig.  3  we  plot  for  two  cases.  Be 
on  bare  copper  and  He  on  argon-plated  copper, 
vs  1/r,  from  the  slope  of  which 
we  can  infer  the  binding  energy  values.  For  toe 


in 


FIG.  2.  The  time  of  arrival  of  toe  h*ll-ir-**imum, 
/!.  as  a  function  of  the  reciprocal  of  the  absolute 
temperature.  A  unit  of  time  here  la  3.75  aec. 


second  case  toe  tube  was  coated  with  approximate¬ 
ly  twenty  layers  of  argon.  The  binding  energies 
so  obtained  are  lFHe  cu=1770K  and  WW,*  =  102°K 
Repeated  measurements  on  the  two  substrates 
give  values  that  vary  by  roughly  5%,  most  of  which 
variation  is  probably  due  to  incomplete  reproduci¬ 
bility  of  the  temperature  of  toe  tube  from  run  to 
nm.  We  have  been  able  to  hold  the  temperature 
of  the  transit  tube,  as  measured  by  a  gas-bulb 
thermometer,  constant  usually  to  within  less 
than  one  part  per  thousand.  Time  measurements 
at  the  low  temperature  are  generally  accurate  to 
within  2%,  while  at  the  highest  temperatures  the 
error  is  probably  less  than  10%.  This  latter  er¬ 
ror  is  important  in  determining  the  coefficient  in 
the  T'h  term,  but  unimportant  for  low  tempera- 
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tares  which  are  the  data  used  for  the  energy  de¬ 
termination. 

It  is  difficult  to  f>nd  experimental  resalts  with 
which  to  compare  oar  findings.  Ordinary  thermo* 
tdatie  measurements  require  significant  cover¬ 
ages,  because  of  absolute  or  relative  signal  prob¬ 
lems.  An  extrapolation  to  zero  coverage  of  the 
results  of  Daunt  and  Ierner3  for  the  isosteric 
heat  of  adsorption  oi  helium  on  copper  is  roughly 
consistent  with  oar  results.'*  For  the  argon  coat¬ 
ing  Novaco  and  Milford4  have  calculated  an  ex¬ 
pected  bL«  ding  energy  for  helium  on  the  100  face 
of  argon  and  find  100*K  in  very  good  agreement 
with  our  result  if  102°K.  It  should  be  pointed  oat 


FIG.  3.  T7ltt/7—a/VT  ]  versus  the  reciprocal  of  the 
nbeolute  temperature.  The  squares  represent  the  data 
tor  He  on  bare  copper,  the  circles  those  'or  He  on  ar¬ 
gon-plated  copper. 
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that  is  eur  derivation  of  Bq.  (8)  we  assumed  only 
one  binding  state.  Tlr_-  extension  to  the  more 
general  case  is  straightforward.  In  particular, 
except  for  very  closely  spaced  levels  only  the 
most  tightly  boond  state  contributes  significantly 
to  the  avenge  sticking  time,  hi  the  case  of  argon 
plating,  presumably  a  collection  of  crystallites 
exposing  some  fraction  of  each  of  the  crystal 
faces  would  be  formed.  We  should  expect  then  to 
see  the  binding  on  the  face  that  binds  most  strong¬ 
ly,  which  from  theoretical  considerations  is  the 
(100)  face. 


•Work  supported  in  part  by  a  grant  from  the  National 
Science  Foundation,  and  by  contracts  with  Hie  U.  S.  Of¬ 
fice  of  Naval  Research  and  the  Department  of  Defense 
(Themis  Program). 
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cally  in  equilibrim.i. 
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amounts  of  input  gas  could  not  be  used.  See  J.  de  Boer, 
The  Dynamical  Character  of  Adsorption  (Oxford  Univ. 
Press,  Oxford,  England.  1968),  2nd  ed. 
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Adsorpdoa  of  3He  aad  4Hc  oc  Copper  and  on 
Argon-Coated  Copper  Below  J9K* 

J-  G.  Daatf  and  E.  Lower 

Crfoftides  Ctmtr. .  S«k»  Lai  erne  Terimoiofr,  Habctne,  Sc*  Jersey 


(Recened  December  10. 1971) 

Measurements  hare  been  made  of  adsorption  isotherms  of  3  He  and  of  *He 
on  copper  and  on  a  monolayer  of  argon  deposited  on  copper  in  the  temperature 
range  6.18-1855  K  and  in  the  pressure  rang  * 025 to  75  Torr.  From  these  many 
isotherms,  calculations  hare  been  made  of  the  isosteric  heat  of  adsorption 
QJR  In  the  limit  of  zero  coverage  on  the  argon  monolayer  Q  JR  =  76  ±  2  K 
for  3  He  and  76  ±  2  K  for  *He.  For  adsorption  on  the  bare  copper ,  QW*R  is 
difficult  to  extrapolate  to  zero  coverage,  but  it  probably  lies  ( for  both  3  He 
and  *He)  between  135  and  165  K.  At  theoretical  monolayer  helium  coverage, 
QJ R  —  44  ±2K  for  3 He  on  the  argon  monolayer  and  47  ±  2 K  for  *He. 
A  t  theoretical  monolayer  helium  corerage  on  the  bare  copper,  Q.JR  =  61  ±4K 
for  3  He  and  77  ±  5  K  for  *He.  The  results  are  compared  with  theoretical 
evaluations  for  helium  adsorbed  on  an  argon  monolayer  and  with  some  previous 
experimental  data,  and  the  agreement  is  found  to  be  fair.  All  the  data  are 
summarized  in  tables  Finally,  a  review  is  given  cf  evaluations,  including  those 
from  this  work,  of  the  monolayer  capacity  of  3 He  and  *He  on  the  substrates 
studied. 


I.  INTRODUCTION 

In  the  last  several  years  there  has  been  considerable  interest  in  the 
properties  of  adsorbed  monolayers  and  submonolayers  of  the  helium 
isotopes  on  relatively  simple  substrates,  particularly  on  monolayers  of  the 
heavier  rare  gases  deposited  on  a  copper  base. 1  * 1  *  The  copper  base  has  been 
chosen  to  assure  tcmpcratuic  homogeneity  in  situations  where  the  vapor 
pressure  of  the  adsorbed  helium  is  too  small  to  permit  heat  exchange  through 
the  vapor.  The  selection  of  the  helium  for  adsorbate  and  the  other  rare  gases 
for  adsorbent  has  been  largely  motivated  by  the  fact  that  these  simple 
systems  should  permit  theoretical  evaluations  to  be  made  of  their  properties. 

•Work  supported  by  a  contract  with  the  Department  of  Defense  (Themis  Program)  and  with 
the  Office  of  Nasal  Research  and  by  a  Grant  from  the  National  Science  Foundation. 
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Moreover,  the  km'  temperature  required  to  ntjee  meaningful  experiments 
with  helium  adsorbate  adds,  at  least  in  principle,  a  further  simplicity  to  the 
interpretation  of  the  results. 

We  have;  therefore,  made  experiments  on  the  adsorption  of  3Hc  and 
*Hc  on  copper  and  on  an  argon  monolayer  deposited  on  copper  in  the 
temperalure  range  6.18-18.55  K.  The  temperature  range  was  chosen  because 
even  monolayers  or  submonolayers  of  helium  show  appreciable  vapor 
pressures  in  it,  and,  in  consequence,  it  is  possible  to  obtain  rather  easily 
precise  data  that  can  be  used  for  evaluation  of  the  hosenc  beat  of  adsorption 

QJR 

In  this  paper.  Seer  on  2  discusses  some  of  the  key  experimental  arrange¬ 
ments  used  in  the  measurements.  Section  3  presents  the  observations  made 
to  determine  the  surface  area  of  the  substrates.  For  the  argon  monolayer 
substrates,  we  introduce  a  new  formula  for  she  surface  area  based  on  the 
assumption  that  monolayers  of  argon  on  copper  are  a  close-packed  array. 
S-  'lion  4  gives  the  observations  of  the  3Hc  and  4Hr  adsorption  isotherms 
in  detail  and  compares  our  results,  where  possible,  with  previous  data 
Section  5  details  the  results  of  calculation  of  the  isustcric  heat  of  adsorption 
QUR  for  the  systems  studied,  and,  again,  where  possible  comparison  is 
given  with  previous  data  (Section  5)  and  with  theory  (Section  6).  All  the 
pertinent  data  arc  summarized  in  tables.  Finally,  a  discussion  is  given  in 
Section  7  of  the  monolayer  capacity  of  the  Itclium  on  lh.  substrates  studied, 
as  revealed  by  theory  and  experiment. 

2.  EXPERIMENTAL  ARRANGEMENTS 

The  apparatus  for  these  measurements  of  adsorption  isotherms  was  the 
same  as  that  used  previously  and  described  m  detail  by  Daunt  and  Rosen.13 
The  specimen  temperature  could  be  held  constant  to  better  than  ±0.005  K 
at  any  temperature  between  4.2  and  20  k.  The  pressure  measurements 
ranged  between  0.25  and  75  Torr.  Thcnnomolccular  pressure  corrections 
were  less  than  3°0  for  prcssuics  above  0.5  Torr  even  at  the  lowest  tempera¬ 
tures.  and  the  accuracy  of  pressure  measurement  was  within  0.5  For 
details  of  the  method  of  temperature  and  pressure  measurement  and  of  the 
corrections  used  in  calculation  of  the  mass  adsorbed,  reference  is  made  to 
previous  papers.13'14 

The  copper  surface  was  in  the  form  of  a  sintered  copper  sponge,  first 
used  in  similar  work  by  Dash  and  coworkcrs.'15  We  used  the  same  type  of 
copper  powder  as  Dash  et  namely.  "Druid  Copper"  Grade  MD60 

from  Alcan  Metal  Powders.  Inc.,  which  is  in  the  form,  as  reported  by  Dash 
ct  <tl..  of  flakes  of  mean  dimension  3  ft.  The  powder  was  first  cleaned  by 
soai.ing  in  suitable  solvents,  dried,  aivd  then  partially  deoxidized  by  baking 
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In  a  hydrogen  furnace  a  jSSTC  for  CL5  h.  li  was  then  subsequently  pressed 
and  sintered  into  disks,  of  dimensions  50  cm  in  diameter  by  068  cm  in 
thickness,  in  an  H,  furnace  at  65(f  C  for  05  h.  The  specimen  used  consisted 
of  iLrre  see h  disks,  of  total  mass  110  f.  u&d  of  filling  factor  47.7%,  winch 
were  enclosed  in  a  good-fit  copper  vesseL  Subsequent  to  mounting  the  sped- 
i  men  in  the  cry  ostat,  the  final  leaning  procedures  and  preexperimental 

j  *  preparations  were  identical  to  those  described  earlier.13 

|  ■  The  purities  of  the  3He  aod  *He  used  were  993  and  99995%.  respect- 

,  L  ively.  Both  were  farther  purified  by  passage  over  activated  charcoal  at  77  K 

j  >  prior  to  introduction  into  the  cryostat.  The  argon  used  was  of  99,998% 

]  purity  and  this  was  further  purified  by  passage  over  activated  charcoal  at 

195  ft. 

—  In  coning  the  specimen  with  a  monolayer  of  argon,  the  procedure 

adopted  has  already  been  described  by  us  previously. '*  This  procedure, 
which  was  only  arrived  at  after  extensive  triai-and -error  methods,  ensured 
that  the  argon  was  indeed  uniformly  distributed  over  the  surface  of  the 
specimen  and  resulted  in  completely  reproducible  isotherms  from  run  to  ran. 


3.  THE  SURFACE  AREA  OF  THE  SPECIMEN 

The  basic  experimental  data  used  for  determination  of  the  surface  area 
of  the  specimen  are  the  adsorption  isotherms  of  N2  and  argon  measured  at 
77.3  K.  These  have  been  previously  reported  by  us,1*  along  with  data  for 
neon  adsorption  isotherms,  and  graphs  of  these  isotherms  were  included 
in  that  paper.  It  is  merely  necessary  here  to  repeat  that  from  BET  analysis  of 
these  data  and  from  "Point  B"  determinations  (sec  Young  and  ^rowcll16). 
it  was  found  that  the  monolayer  coverage  Vm  was  0.1 1  cm3  (STP)./'g  for  both 
the  N,  and  the  argon. 

The  fact  that  the  Vm  values  fc  both  N,  and  argon  were  the  same  was 
not  too  surprising.  For  example,  Dash  and  coworkers1  have  reported  z 
simi'ar  result  for  their  sintered  copper  caloi.  meter.  They  reported,  for  a 
volume  of  10cm3  of  sintered  copper.  Vm  =  8.4  cm3  (STP)  for  both  and 
argon  at  77.4  K. 

There  has  been  much  difficulty  in  the  past  in  assessing  the  surface 
areas  Z  from  the  measured  V„'s  owing  to  questions  arising  as  to  the  appro¬ 
priate  vab  as  >f  the  molecular  areas  a  to  employ.  Quite  detailed  discussions 
of  these  ;  'oblcms  have  been  given  by  Dash  and  coworkers.1  and  by  Daunt 
and  Rosen.’3  These  have  pointed  up  the  inadequacy  of  the  "standard" 
method  which  as  reported,  for  example,  by  Young  and  Crowell16  uses  the 
liquid  -  value  (16.2  A3)  for  N,  The  general  disagreement  of  determinations 
of  Z  from  argon  isotherm  data  as  compared  with  the  Z  determinations  using 
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ihe  "sJanfanf  \‘.  method  s  noteworthy.  It  is  proposed  therefore  *o  adopt 
another  procedure  here,  as  follows. 

First,  it  will  be  assumed  following.  for  example,  the  work  of  Steele17 
and  ofNonco  and  Miilbrd5  that  on  a  metal  surface,  which  type  of  surface 
is  found*  to  show  no  significant  periodicity  to  adsorbate  atoms,  an  adsorbed 
monolayer  of  argon  atoms  forms  a  dose-pocked  anay.f  It  is  further  assumed 
that  the  nearest-neighbor  distance  a  between  argon  atoms  is  tbe  Lcnnard- 
Jones  parameter  p„.  as  has  been  discussed  in  detail  by  Novaco  and  MilfbrdL5 
This  is  3283  A.  as  given  by  HoHis-Halka.2 ’  This  gives  a  maximum  molecular 
area  o  of  1 U  A2,  which  is  smaller  than  the  generally  accepted**  values  for 
both  liquid  and  solid  argon.  This  can  be  understood  in  view  of  the  major 
influence  of  the  argon-metal  attractive  forces. 

Now  for  a  close-packed  array  of  atoms  with  interatomic  distance  a 
equal  to  He, s)*  \  tbe  surface  area  I  (in  nr)  for  Sx  atoms  forming  a  mono- 
layer  in  terms  of  a  (in  A2)  is 


Km2)  -=  1.10  x  10”  ~°pSm 

(1) 

Km2)  =  0296<rl- 

(2) 

where  Vm  is  the  monolayer  capacity  measured  in  cm3  (SIP)  of  the  adsorbed 
gas.  ft  is  to  be  noted  that  the  numerical  coefficient  in  Eq.  (2)  is  different  from 
that  usually*6  used  ,0.269).  This  is  because  the  area  under  a  close-packed 
array  is  net  completely  covered  with  atoms. 

To  estimate  the  surface  area  of  our  specimen,  therefore,  we  take  the  Vm 
value  of  0.1 1  cm3/(g  of  copper)  for  the  argon,  together  with  the  value  of  o 
for  argon  of  1 1.5  A2,  and  use  Eq.  (2)  above.  Tbe  result*  is  Z  =  0.374  m2/(g  of 
copper),  with  the  monolayer  number  of  argon  atoms  =  7.9  x  10**  per  m2. 

It  should  be  noted  that  in  deriving  Eq.  (2),  it  is  implicitly  assumed  that 
the  underlying  metal  substrate  is  smooth.  In  practice,  this  cannot  be  quite 
true  due  to  flaws,  pits,  grain  boundaries,  and  various  kinds  of  dislocations. 
These,  in  general,  will  tend  to  gather  more  adsorbed  atoms  than  on  a  smooth 
surface:  hence,  it  is  probable  that  the  Z  value  derived  using  Eqs.  (I)  or  (2) 
represents  an  upper  bound  fur  the  effective  surface  area  for  further  adsorption 
after  the  apparent  monolayer  number  of  argon  atoms  have  been  adsorbed. 

•This  fact  is  nett  evidenced,  for  example,  by  ihe  absence  of  diffracivn  peaks  in  ihe  scattering 
of  Ion-energy  helium  atoms  in  the  experiments  of  Palmer  ct  at ’* 

+A  similar  structure  for  monolayers  of  Xc  on  graphite  surfaces  has  been  shown  to  occur  from 
LEED  experiments  by  Lander1  ’  and  has  ban  discussed  in  connection  with  adsorption  by 
Barnes  and  Steele.20 

tThc  value  for  Z  adopted  in  our  previous  paper14  for  the  same  copper  specimen  (using  the  N. 
value  of  1_.  <rfN.|  equal  to  13 1  A2,  and  Z  =  0.269<rt  J  was  0.41  m2  (g  of  coppcrl.  We  suggest 
that  the  derived  data  in  that  paper  obtained  using  Z  =  041  m2  (g  of  coppcrl.  be  corrected  to 
be  compatible  with  the  new  value  of  I  given  herewith,  equal  to  0.374  m2  (g  of  copper) 
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4-  THE  HE12UM  ADSORPTION  ISOTHERMS 

The  observed  adsorption  isotherms  for  'He  on  the  bare  copper  sponge 
taken  at  18.55. 15.08. 13 JO.  1 1.60. 9.65, 7.90,  and  6.18  K  are  shown  in  Fig.  1. 
Those  for  3He,  also  on  the  bare  copper  sponge,  taken  at  the  same  tempera- 
tores  are  shown  in  Fig.  2.  Preliminary  data  on  these  were  given  by  us6 
previously,  which  data  are  now  superseded.  The  amount  of  gas  adsorbed  is 
presented  in  atoms/nr  in  the  figures. 

Little  previous  data  exist  for  adsorption  isotherms  of  helium  on  a  hare 
metal  with  which  to  compare  our  data.  The  early  work  of  Meyer22  on  gold 
gave  two  isotherms  at  4.21  and  204  K,  which  were  at  much  lower  pressures 
than  those  reported  in  this  paper,  so  that  no  significant  comparison  can  be 
made 

Our  observed  adsorption  isotherms  for  '‘He  cn  a  monolayer  of  argon 
deposited  on  the  copper  [295  x  10‘ 8  argon  atoms  (g  of  copper)]  taken  at 
18.55.  15.08,  13.50,  1 1.60,  9.65,  7.90,  and  6.18  K  are  shown  in  Fig.  3.  Those 
for  3He.  also  on  a  monolayer  of  argon  deposited  on  the  copper,  taken  at  the 
same  temperatures  ate  shown  in  Fig.  4.  Preliminary  data  for  the  results  of 
Fig.  3  were  given  by  us6  previously,  which  data  are  now  superseded. 

To  provide  some  comparison  with  our  data,  wc  show  in  Figs.  3  and  4 
data  for  4Hc  and  3  He  adsorption  on  a  monolayer  of  argon  deposited  on 


Fig.  I  Adsorption  isotherms  for  *!tc  on  bare  coppe'  at  temperatures  as  marked 


22 


V*  K)1"  ( ATOMS 


PRESSURE  (TORR) 


Fig  3  Adsorption  isotherms  for  4Hc  on  a  monolayer  of  argon  on  copper  at  temperatures 
as  marked  ■  Adsorption  isotherm  for  4Hc  on  a  monolayer  of  argon  on  copper  at 

4  2  K  from  McCormick  el  til..1 - adsorption  isotherms  for  4Hc  on  1 .05  layers  of  argon 

on  Ti02  at  10  K  and  12.4  K  from  Steele.23 


Adsorption  of  3He  and  4He  on  Copper 
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Fig.  4.  Adsorption  isotherms  for 3  He  on  a  monolayer  of  .-.rgon  on  copper  at  temperatures 

as  marked. - Adsorption  isotherm  for  3He  on  a  monolayer  of  argon  on  copper  at 

4  2  K  from  McCormick  et  al 1 

copper  at  4.2  K  reported  by  Dash  and  coworkers.1  We  also  show  in  Fig.  3 
data  for  4He  adsorption  on  a  monolayer  of  argon  deposited  on  Ti02  powder 
at  10.0  and  at  12.4  K  reported  by  Steele.23  Although  these  earlier  measure¬ 
ments  were  made  at  different  temperatures,  and  in  the  case  of  Steele’s23  data 
the  argon  monolayer  was  deposited  on  a  different  substrate,  all  the  experi¬ 
mental  data  by  the  different  workers  are  compatible. 

The  general  features  of  these  results  are  that  for  the  same  substrate,  the 
amount  of  3He  adsorbed  is  always  less  than  that  of  4He  under  the  same 
conditions  of  temperature  and  pressure.  Furthermore,  in  comparing  the 
adsorption  on  the  argon  monolayer  with  that  on  the  bare  copper,  the  amount 
adsorbed  is  always  less  in  the  former  case  than  the  latter,  under  the  same 
conditions  of  temperature  and  pressure.  Indeed,  comparison  of  Figs.  2  and  3 
shows  that  the  introduction  of  an  argon  monolayer  on  the  copper  lowers 
the  adsorption  of  4He,  even  below  that  of  3He  on  the  bare  copper. 

5.  THE  ISOSTER1C  HEATS  OF  ADSORPTION 

The  large  number  of  adsorption  isotherms  at  different  temperatures 
permit  relatively  accurate  assessment  of  the  isosteric  heats  of  adsorption. 
Plots  of  in  p  vs.  1/T  taken  from  the  data  of  Figs.  1-4  were  made  at  15  different 
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constant  coverages  from  0.7  x  1018  to  13  x  JO18  atoms/m2.  For  each 
coverage  there  were  three  or  more  points,  which  were  colinear,  and  the  slope 
Ain  p/Ail/T)  gives  the  isosteric  heat  of  adsorption  Q„  divided  by  the  gas 
constant  R.  Figure  5  shows  QJR  in  degrees  K.elvin  obtained  in  this  way  as 
a  function  of  the  coverage  for  3He  and  4He  on  the  bare  copper  and  on  the 
monolayer  of  argon.  (These  data  supersede  the  preliminary  data  previously 
reported  by  us.6)  Figure  5  shows  that  QJR  issignificantly  lower  foradsorption 
on  the  argon  monolayer  than  that  on  the  bare  copper,  both  for  3He  and  4He. 

In  Fig.  5,  a  theoretical  evaluation  of  the  3He  and  4He  monolayer 
coverage  is  indicated.  This  is  obtained  by  assuming  that  the  monolayer  for 
both  3He  and  4He  is  completed  when  as  many  helium  atoms  are  adsorbed 
as  the  number  of  argon  atoms  in  the  previously  deposited  argon  monolayer. 
This  theoretical  definition  wilt  be  discussed  in  detail  later  in  this  paper. 

The  relative  flatness  of  the  curves  for  our  data  for  3He  and  4He  adsorbed 
on  the  argon  monolayer  indicates  considerably  more  homogeneity  of  the 
substrate  than  is  the  case  for  adsorption  on  bare  copper. 


Fig.  5.  The  isosteric  hca  t  of  adsorption  QJR  as  a  function  of  coverage  for  ‘He  and  'He  on  bare 
copper  and  for  ‘He  and  ’He  on  a  monolayer  of  argon  on  copper.  — —  Isosteric  heat  of 
adsorption  for  ‘He  on  a  monolayer  of  argon  on  coppc  from  Wallace  and  Goodstein1 :  -  -  - 
isotcric  heat  of  adsorption  for  -'He  on  argon  from  Roy  and  Halsey",  isolcric  heat  of 
adsorption  for  ‘He  on  I  05  layers  of  argon  on  Ti02  from  Steel  and  Aston. : 

25 


Adsorptioa  of  3Heaad4Heoa  Copper 


*7 


Our  data  indicate  that  in  the  limit  of  zero  coverage,  the  QJR  values  for 
3He  and  4He  adsorption  on  an  argon  monolayer  on  copper  are  76  ±  2  K 
for  both  adsorbates.  At  tk  :  theoretical  monolayer  coverage  on  argon,  that 
for  3He  is  44  +  2  K  and  for  4He,  it  is  47  +  2  K.  It  is  not  possible  to  make  an 
unambiguous  extrapolation  of  QJR  to  zero  coverage  for  3He  or  4He 
adsorbed  on  the  bare  copper;  it  seems  clear,  however,  that  the  values  are 
relatively  high,  lying  possibly  between  135  and  165  K  *  It  should  be  noted 
here  that  Pollock  et  al .24  have  determined  the  binding  energy  in  the  limit 
of  zero  coverage  of  4He  on  bare  copper  and  give  a  value  of  177  K.  This 
would  correspond,  as  deduced  from  Eq.  (3),  to  a  QJR  value  at  10  K  of 
about  202  K. 

At  the  theoretical  monolayer  coverage  of  3He  and  4He  on  bare  copper, 
our  results  give  QJR  =  61  +  4  K  for  3He  and  77  ±  5  K  for  4He. 

Previous  evaluations  of  QJR  from  adsorption  isotherms  of  4He  on  a 
monolayer  of  argon  on  copper  have  been  made  by  Wallace  and  Goodstein,7 
and  these  data  are  shown  in  Fig.  5  for  comparison  with  ours.  Included  in 
Fig.  5  also  are  previous  data  for  4He  adsorption  on  an  argon  monolayer  on 
Ti02  powder  reported  by  Steele  and  Aston.21  The  QJR  in  the  limit  of  zero 
coverage  which  can  be  extrapolated  from  Wallace  and  Goodstein’s7  data 
is  in  close  agreement  with  our  valu’  .or  4He.  We  felt,  however,  that  this 
agreement  is  somewhat  fortuitous  in  view  of  the  very  different  temperature 
ranges  over  which  the  two  different  sets  cf  measurements  were  made. 
One  would  anticipate,  following  Eq.  (3),  that  Wallace  and  Goodstein’s 
value  would  fall  about  15  K  below  ours.  The  data  for  %,/R  of  Steele27  for 
adsorption  of  4He  on  an  argon  monolayer  on  Ti02  is,  not  too  surprisingly, 
greater  than  our  data  by  a  considerable  amount. 

6.  DISCUSSION  OF  THE  HEATS  OF  ADSORPTION 

In  order  to  estimate  the  heat  of  adsorption  theoretically,  a  model  that 
has  so  far  received  the  most  attention  is  one  in  which  the  helium  adsorbate 
atom  is  considered  to  be  held  in  the  van  der  Waal’s  field  on  the  surface  of  a 
bulk  argon  crystal  [in  general,  above  the  (100)  face)  and  interactions  between 
adsorbate  atoms  are  neglected.  If  Em  is  the  maximum  depth  of  the  van  der 
Waal’s  potential  at  the  adsorbent  site,  E0  the  zero  point  energy  of  the  adsorbate 

•These  values  can  be  compared  with  that  found  calorimctrically  by  Chon  et  alli  of  150  K  for 
4He  on  Platinum  Black  at  0  =  0  3  Theoretical  estimates  of  the  binding  energy  for  helium  on 
a  pure  metal  can  be  made,  based  on  calculations  of  the  potential  normal  to  the  surface  V.  >ny 
theoretical  computations  of  this  potential  have  been  made  (see  Mavroyanms26  for  a  suit  .nai  'f 
these),  which  is  generally  given  in  the  form:  U  =  -  U0/:s.  To  obtain  the  binding  energy  t  ,,, 
one  supposes  that  the  equilibrium  distance  is  approximately  one-half  of  the  sum  of  the  4Hc-4Hc 
and  the  Pt-Pt  distances,  giving  :t1  =  2.70  A  Using  th'.-.  the  values  of  l/,,  arc  found  to  range 
in  the  major  computations  cited26  from  1 15  to  175  K  ,H  0  =  0  for  4He  on  Pt  Those  for  4He 
on  Cu  would  be  similar 
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atom  at  the  site,  and  E  the  binding  energy,  then  the  isosteric  heat  of  adsorption 
is  related  to  these  quantities  as  follows:. 

\E/k\  =  \EJk\  -  ( E0/k )  =  lim  (QJR)  -  f T  (3) 

»-o 

where  0  is  the  fractional  coverage,  (0  =  1  is  a  monolayer),  and  k  is  the  Boltz- 
n.ann  constant. 

This  model  which  considers  helium  adsorption,  on  the  (100)  face  of  a 
bulk  argon  crystal  has  been  studied  by  Steele  and  Ross,28  Ricca  and 
coworkers,8  Novaco  and  Milford,9  and  by  Lai,  Woo,  and  Wu.'°  The  last 
authors  also  considered  adsorption  on  the  (1 1 1)  face  of  an  argon  crystal. 

Although  this  model  is  not  directly  applicable  to  our  experimental 
situation  in  which  the  argon  is  only  a  monolayer  on  a  copper  surface,  it  is 
of  interest  to  review  the  final  numerical  data  obtained  in  these  theoretical 
investigations.  These  are  summed  up  in  Table  I.  It- will  be  £een  that  the  value 
of  \E/k\  at  the  adsorbent  site  is  calculated  to  lie  between  93  and, 99  K  and 
that  the  later,  more  refined  calculations  do  not  differ  significantly  in  the 
resultant  \E/k\  values  from  the  early  evaluation  of  Steel?  and  Ross. 

No  detailed  experimental  data  are  as  yet  available  for  helium  adsorptipn 
on  argon  crystals,  although  work  has  been  reported  by  Lee  and  dowland29 
^n  thick  argon  layers  deposited  on  copper.  They  found  experimentally  that 
QJR  in  the  limit  of  zero  4He  coverage  on  argon  deposits  of  thickness 
approximately  2.1  x  1022  atoms/m2  in  the  temperature  range  3-5  K  whs 
205  K.  At  somewhat  higher  coverage  Iima_.0  (QJR)  fell  to  about  145  K. 
These  values  are  considerably  larger  than  the  \E/k\  values  of  Table  I.  Lee  and 
Gowland  suggested  that  the  difference  may  <n  part  be  due  to  diffusion  of  the 
4He  into  the  argon.  Pollock  et  al.2*  have  made  direct  measurements  of  the 
binding  energy  \E/k\  by  a  time-of-flight  method  for  4He  adsorption  on  a 
thick  argon  layer  (about  20  layers)  deposited  on  copper  and  found  a  value 
of  102  K.  i 


TABLE  I 

Results  of  Calculation  of  the  Binding  Encigy  E  for  Helium  on  the  Adsorbent  Sites  of  a  Bulk 

Argon  Crystal” 


Adsorbent 

Adsorbate 

|t„/4 

(E0/k), 

1  E,K 

Authors 

crystal  face 

atom 

K 

K 

K 

Steele  and  RossJB 

•  (100) 

i  4Hc  > 

(XX 

93  6 

94  4 

Ricca  el  al " 

(100) 

4Hc 

183 

- 

Novaco  and  Milford9 

(100) 

4Hc 

182 

83.4 

98.6 

Lai  el  al 10 

(100) 

4Hc 

— 

— 

93  5. 

Lai  el  al 10 

(III) 

4  He 

- 

47  3 

+ 


“Hcie,  Em  is  the  value  of  the  potential  minimum,  and  E„  is  the  zero-point  energy  of  the  adsorbed 
atom 
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TABLE  II 

Results  of  Calculation  of  I  be  Binding  Energy  £  for  Helium  on  the  Adsorbent  Sites  d  an  Argon 
Monolayer  Deposited  on  a  Copper  Substrate" 


Adsorbate 


Authors 

Adsoi  bent 

atom 

!£-« 

t£»kl 

l£  ft 

Jackson4 

argon  monolayer 

4He 

>4.5 

66.5 

Novocoand  Milford5 

argon  monolayer 

4He 

114 

51.5 

62.5 

Novaco  and  Milford5 

argon  monolayer 

JHe 

114 

56.6 

57.4 

'Here,  £_  is  the  value  of  the  potential  minimum,  and  £o  is  the  zero-point  energy  of  the  adsorbed 
atom. 

Theoretical  treatments  of  the  case  of  adsorption  of  helium  on  an  argon 
monolayer  deposited  on  a  copper  substrate  have  been  given  by  Jackson."* 
and  by  Novaco  and  Milford.5  In  the  latter  treatment,  the  argon  is  assumed 
to  be  a  close-packed  array  with  interatomic  distances  of  3.84  A,  and  both 
evaluations  are  made  on  the  basis  of  no  interactions  between  adsorbate 
atoms.  Their  final  data  arc  given  here  in  Table  II. 

The  experimental  data  on  lime_0  (QJR)  and  |£/fc|  for  helium  adsorption 
on  an  argon  monolayer  on  copper  are  summed  up  in  Table  HI.  which 
includes  the  earlier  results  of  Wallace  and  Goodstein,7  as  well  as  those  of 
this  paper.  The  data  of  Steele  and  Aston27  for  adsorption  on  a  monolayer 
of  argon  on  TiO;  powder  is  also  given  in  Table  III.  By  comparison  of 
Tables  II  and  III,  it  will  be  seen  that  the  theoretical  evaluations  of  |£/k|  are 
very  close  to  the  experimental  results.  It  is  unfortunate  that  there  docs  not 
appear  to  be  better  agreement  between  the  various  experimental  data. 
Howcvei,  it  must  be  noted  here  that  the  term  jT  in  the  evaluation  of  |£/fc| 


TABLr:  III 

Experimental  Results  for  If.),  ,0  (Qu  R)  and  the  Binding  Energy  |£.(j  for  Helium  Adsorbed  on 

an  Argon  Monolayer" 


Adsorbate 

hm, R). 

T... 

IfUl 

deduced  from 

Authors 

Adsorbent 

atom 

K 

K 

Eq  (3). 

K 

This  paper 

argon  monolayer 
on  copper 

JHc 

76 

10 

<  J 

This  paper 

argon  monolayer 
on  copper 

'He 

76 

10 

51 

Wallace  and 
Goldstein’ 

argon  monolayer 
on  copper 

,1Hc 

82 

4 

72 

Steele  and 
Aston 

argon  monolayer 
on  Ti02  powder 

"He 

125 

15 

87  5 

Here.  T„  is  the  average  temperature  of  the  measurement 


n 


J.C. 


by  Eq.  (3)  plays  a  significant  role  for  these  relatively  loosely  bound  systems. 
It  would  therefore  be  of  interest  to  make  further  experimental  evaluations 
of  QJR  over  wider  temperature  ranges  in  order  to  estimate  more  exactly 
its  temperature  variation. 

Roy  and  Halsey1 1  have  estimated  the  coverage  variation  of  QJR  for 
3He  adsorbed  on  a  monolayer  of  argon  on  copper  from  the  experimental 
data  of  Dash  and  coworkrrs.30  This  estimation,  based  on  a  patch  theory  of 
adsorption,  is  shown  in  Fig.  5.  It  (alls  dose  to  our  data,  although,  after 
consideration  of  the  very  different  temperature  range  used  in  Dash  el  al.'s 
experiment  compared  to  ours,  one  would  expect  Roy  and  Halsey's  values 
to  be  some  15  K  lower  than  ours  Again,  this  points  up  the  need  for  a  mere 
thorough  investigation  of  the  temperature  variation  of  QJR- 

7.  THE  MONOLAYER  COVERAGE 

As  remarked  in  Section  5,  a  theoretical  evaluation  of  the  monolayer 
coverage  has  been  adopted  in  Fig.  5,  defined  as  the  coverage  at  which  the 
number  of  atoms  adsorbed  (either  3He  or  4He)  is  equal  to  'he  number  of 
argon  atoms  in  the  previously  deposited  argon  monolayer.  That  is  to  say, 
for  adsorption  on  a  dose-packed  array  one  assumes  only  one  adsorbed 
atom  per  unit  cell  to  constitute  monolayer  coverage.  This  means  that  only 
one-half  of  the  possible  adsorption  sites  are  occupied.  This  definition  is 
frequently  used,  as  for  example,  by  Novaco  and  Milford,5  and  by  Dash  and 
coworkers.23'3 1 

For  adsorption  on  a  dose-packed  array  of  argon  atoms  forming  a 
monolayer  on  the  basic  substrate,  this  definition  of  monolayer  coverage 
makes  =  7.9  x  101 8  atoms/m2  [0.29 cm3  (STP)/m2j,  if  the  interatomic 
distance  between  argon  atoms  is  taken  to  be  the  Lcnn^'d-Jones  distance 
P0  =  3.83  A. 

Experimcntally,  owing  to  the  possibility  of  relative  .nobility  of  the 
adsorbate  helium  atoms  (sec  Novaco  and  M’lfort'5).  it  is  possible  li«at  a 
dynamic  adjustment  may  take  place  permitting  more  than  7.9  >  10' J  atoms/ 
m2  in  a  mono’jycr,  although  it  is  very  unlikely  that  all  the  adsorption  sites 
can  be  occupied  as  a  monolayer,  as  has  been  suggested  by  Steele  and  Ross.28 
Experimental  estimates  to  date  of  the  n.onolaycr  capacity  of  adsorbed 
helium  come  from  interpretation  of  adsorption  isotaeims.  In  particular, 
the  “Point  B“  method,  or  its  variants,16  has  been  used,  which  in  the  case  ol 
heliums  arc  subject  to  some  imprecision.  The  first  significant  work  in  these 
evaluations  was  that  of  Meyer22  for  4Hc  on  gold,  who  found  Vm  =  13  x 
10' 8  atoms/m2.  A  much  more  definite  evaluation  was  made  by  Hobson32 
in  his  elegant  »•  ry  low  pressure  measurements  of  4He  adsorbed  on  pyrex 
glass.  From  hi*  data,  one  estimates  that  Vm  ranges  between  8  x  10' 8  and 

29 


TABLE  «V 


Sm:  Mmctoe  CjpuKSo !»  ’Ik  ax!  ‘Ik 


A* hoes 

Mrtkad 

Saburxlte 

Adsoefcaar 

2!flS 

Mmatxsa  aspsasi 

xoacs.  mr  -t’lSIPl  nr 

Tie,  paper 

theory 

dne-jndai 
argons  moootxtcr 

’Hc«4Hr 

7.9  *  10s* 

029 

Meter*” 

ape 

goW 

‘He 

15  *  10s* 

05 

Hofcsoa’1 

ape 

pyrex 

‘He 

S  9  a  10s* 

050  035 

Djrtii  rt  id1 

ape. 

argoc  mo&cteycr 
oes  copper 

‘Hr. 

1 05  »  10s* 

059* 

Djtsb  ci  cd 1 

ape 

zrpja  moooUter 
on  copper 

’He 

9.4  a  10s* 

055* 

•See  Section  7  foe  (bee  cvattauoos. 


9  x  IO^aloms/nr.  The  more  recent  work  of  Dash  and  coworkers. 1  for 
adsorption  on  an  argon  monolayer  deposited  on  copper,  yields  (according 
to  our  interpretations  of  the  surface  area  Z  of  their  specimen*):  for  ‘‘He, 
Vm  -  10.5  x  I01*  atoms/m’ :  for  3He.  Vm  =  9.4  x  10‘*  atoms/m2.  These 
data  arc  summarized  in  Table  IV.  The  experimental  results  for  Vm  for 
adsorption  on  the  argon  monolayer,  therefore,  appear  to  be  somewhat 
larger  than  the  theoretical  definition.  The  fact  that  Vm  for  "‘He  on  pyrex 
glass  is  numerically  so  similar  to  that  which  one  estimates  theoretically  for 
adsorption  on  a  close-packed  argon  layer  indicates  that  on  pyrex  the  mono- 
layer  of  JHe,  if  it  is  also  close  packed,  has  interatomic  sparing  of  about  3.8  A. 
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aixa3  tooftoeax  2tS  C. 

Adsorption  Bodenot  of  stbeaccob  cn  of  neon  on 
t»f«SiKd  saiile ("CnfoTi  {!]  ccaird  with  a ;  soco- 
ntrofajon.  hire  been  measured.  this  substrate  i  tar¬ 
ing  been  found  prenosb-  (2]  1?  be  a  rtizirveiy  hcao- 
eroeous.  The  measurements  wcie  made  using  an  appa- 
atus  and  a  method  which  has  been  ptmousJy  destrib- 
:d  by  us  J3j .  The  Giafoci  substrate  «.  0.013  an  thick. 

1 .9  tin  *’de.  w  ound  in  a  doss-packed  hdix  of  mass 
>3i>l  g.  Its  surface  area,,  deduced  from  an  argon  ad¬ 
sorption  isotherm  J2]  at  77  J  K.  w-2S  672  m2.  T.te  ar¬ 
gon  monolayer  «%  uniformly  deposited  on  the  Gra  oil 
before  measurement  of  she  neon  isotherms  was  begun. 
\eon  adsorption  isotherms  wiere  measured  at  17.26  K, 
20.22  K.  27.64  K,  25.71  K  and  27.00  K  and  are  shown 
in  fig.  1  (a).  Fig.  1  fa)  shows  estimates  of  the  mono- 
ayer  coverage:  the  theoretical  monolayer  coverage  of 

7.9  X  10* 8  atoms/m2  being  that  corresponding  to  a 
dose-packed  surface  layer  {4)  and  the  other  estimate 
of  10  X  10>8  atoms/m2  bring  that  of  Antoniou  et  aJ. 

(5j  on  graphitized  carbon  fSuhercn  6). 

Fig.  1  (a)  indicates  that  a  transition  occurs  in  the 
range  rf  cur  observations,  the  curves  being  similar  in 
character  to  those  observed,  for  example,  by  Fh  <er 
and  McMillan  (6j  for  krypton  on  NaBr.  At  the  lower 
pressures  wc  interpret  our  data  to  mean  that  at  sub- 
monolayer  coverage  two  phases  exist  simultaneously. 

If  as  .  first  approximation,  wc  interpret  our  data  in 
terms  of  a  van  der  Waals  7-D  system,  in  the  same  way 
that  Ross  jnd  Winkler  did  for  argon  on  graphite  [7J . 

•  Work  part’ally  supported  by  a  Gran!  from  Ihc  National 
Science  Foundition  and  by  contracts  uith  ONR  2nd  I)Ot) 
(Themis  Propraml 


we  ebum  a  critical  temperature  of  21 3 1L 

The  specific  hear  mcasanneEls  of  submcookyer? 

(8  =  03)  of  neon  on  graphitized  carbon  ( Spfceroo  6) 
fcy  Sleek  and  Karl  [S]  and  by  Astonoo  el  A  |5| 
showed  anomalies  with  maxima  zi  16.1  K  and  14  K 
respeclirdy.  which  were  interpreted  »  due  to  a 
"melting**-  over  a  temperature  12115c.  of  the  adsorbate. 
Although  a  quantitative  comparison  A  these  results 
with  our  data  b  not  possible.  <fc*e  to  the  differences  in 
die  substrates.  it  seems  evident  that  both  our  adsorp¬ 
tion  and  their  c2!cnmetric  experiments  suggest  that 
these  srbmonolayers  2ie  two  phase  sy  terns. 

E>  interpreting  our  botheim  data  in  terms  of  a  mod¬ 
ified  Fowler  isotherm,  as  has  been  done  by  Fisher  and 
McMQlan  [6J ,  we  conclude  that  the  neon-neon  la'eral 
interaction  energy  b  approximately  58  K. 
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I  iC  •  Adsorptmn  isotherms  for  neon  on  argan-cortcd 
Grafml  at  temperatures  as  marked  points  y  are  for  17  26  is. 
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Ike  harre  also  observed  arise  -pitoc  isotherms  for 
neon  on  bare  Graftal,  as  drawn  is  fig.  1(b).  The  two 
(at  25.71  K  and  27210  K)  ot  perhaps  three  (one  at 
22:64  K)  isotherms  nfckJi  are  mostly  below  monolayer 
coiera^e  shorn-  no  evidence  of  a  transition  in  the  OTten. 
The  marked  steps  observed  in  the  17,26  K  and  2C-.  72  K 
isotherms  abore  monolayer  coverage  are  in  (heal he  of 
second  laser  formation.  We  hate  computed  the  Bosteik 
heat  of  adsorption  ( QJR )  in  the  usual  way  [9]  from 
ixii  data  2nd  the  results,  as  a  function  of  the  corerage, 
are  shown  in  fie.  2.  Fat  2  iso  shows  for  comparison 
(Q^IR)  observed  by  Antoni  ou  et  al.  (5J  for  neon  on 
Spheron  6  at  29  K. 


F%.  2,  The  iwiarrir  Sot  o(  atwyiiw  g^it  at  a  Incaw  e 
oG«E3pc  Cor  ncen  on  tone  Ga£a£!  and  on  a  Mrnndbver  efaegxa 
caCaMb  peats  £>ase  hncaeoc  heats  of  adsccjcioa  of  neos  on 
p  ifkwrrt  carton  by  Aamwiac  el  al 
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ft)  Xoioi-, noatactia iv Um CkWc Carbon ho- 
darts  Dram.  270  fmk  A«t.  Nw  VotdL 
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Specific  keau  of4He  ateriied  <m  cxippa;  oa  aipotrcoaUtl  copper  and  on  oeotKxa  ted  copper  have  been  measnmi 
between  Oil  ?ai  4K.  Near  momobyer  cwcnp>  the  flat  tV*  two  dimengoinl  Debye  bdarior.  f,.l  tower 
awo(P,  don  to  0.14  aooolircn.  the  specific  heal  per  atom  is  anonaloas  ud  is  unexplained  by  any  single  p hue 
■odd  of  the  adsotbeu  system. 


.  -  We  have  measured  the  specific  heat  of  adsotbed 
I  kubmoooiayeis  of  4He  deposited  on  three  substrates, 
-  -namely:  1)  bare  copper,  2)  copper  coated  with  a 
monolayer  of  atgon  and  3)  copper  coated  with  a 
[  monolayer  of  neon.  The  copper  was  a  sintered 
L  .Sponge  [1]  of  mass  69S  g  and  total  surface  area,  as 
previously  determined  [2,3j ,  260  m2.  It  wa s  located 
r  dm  an  adiabatic  calodiueter.  The  same  calorimeter 
I  and  sponge  war  used  for  substrates  2)  and  3),  the 
argon  and  neon  monlayers  being  put  down  before 
.  .coding  to  liquid  helium  tempera  tunes.  Measurements 
|  were  male  with  each  of  the  three  different  substrates 
*-=at  4He  fillings  of  the  cal  or  .ne  ter  in  amounts  15, 30, 
50, 60, 70  and  87.5  cm3  ,STP). 

LThe  results  for  subs\ates  1)  and  2)  extend  and 
largely  confirm  previous  data  of  Princehouse  [4]  for 
bare  copper  and  of  Stewart  and  Dash  [5)  for  argon- 

L  coaled  copper. 

The  specific  heat,  C,  for  near-monolayer  coverage 
‘of4  He  on  all  three  substrates  could  be  described  by 
the  addition  of  two  terms:  one  a  two-dimensional 
|  (2-D)  Debye  function,  and  the  other  due  to  the  eva- 
i_:poration  of 4  He  from  the  adsorbed  film  into  the 
3-D  vapor.  At  least  for  substrate  2),  where  the  effcc- 
I  five  binding  energy,  E\  :s  approximately  coverage 
|  independent,  the  evaporation  term  can  be  evaluated 
[6j  from  theory. 

Typical  results  from  our  data  for  a  coverage,  x  = 

.  0.93  monolayers,  on  substrate  2)  are  shown  by  the 
1  circled  points  in  fig  I .  The  full  curve  is  a  theoretical 


’  Supported  in  part  by  a  grant  from  the  National  Science 
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one  obtained  with  6  =  24.5K  in  the  2-D  Debye 
function  and  with  E'  =  61.5K  in  the  evaporation 
term  |6) .  Satisfactory  agreement  is  evident.  More¬ 
over  the  value  of  £'  is  in  agreement  with  that  ob¬ 
tainable  in  other  theoretical  and  experimental 
evaluations  (3] .  It  is  found  that  Stewart  and  Dash’s 
[C1  data  for  the  specific  heat  of  3He  on  argon- 
coated  copper,  with  coverage*  =  0.9,  can  also  be 
well  described  by  these  two  terms  with  6  =  26.5K 
andff’  =  61.5K.  Our  results  for  near-monolayer 
coverage  on  the  bare  copper  also  can  be  described 
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Fig.  2. 

in  a  similar  way  with  6  =  28.3K  for  x  -  0.85  and 
9  =  30.0K  for  jr  =  1.07. 

For  the  neon-coated  copper,  the  near-monolayer 
coverage  (x  =  0.8)  film  also  showed  a  2-D  Debye 
behaviour  below  about  2  K,  with  6  =  22.0K. 

At  coverages  below  the  monolayer  coverage,  the 
specific  heat  per  adsorbed  atom  increases  with  decreas¬ 
ing  coverage  at  any  temperature  below  about  2.5  K. 
Illustrating  this  fig.  2  shows  the  specific  heat  per 


atom  for  or  =  0.14  on  the  neon-coated  substrate. 

Fig.  1  of  the  subsequent  letter  [6] ,  gives  our  results  j  j 
for  x  =  0.2  on  the  argon  monolayer.  In  these  figs,  jj 
curves  for  the  2D  Debye  solid  and  for  the  3-D  eva¬ 
poration  term,  with  their  appropriate  6  and  E'  values 
have  been  included  and  they  clearly  show  that  the 
sum  of  these  two  terms  aicre  does  not  describe  ~ 
the  low  coverage  results. 

It  has  not  been  found  possible  to  account  for  the  I  , 
low  coverage  results  by  any  homogeneous  single  [j 
phase  model  [7]  of  the  adsorbed  system,  whether 
gaseous  or  condensed,  nor  by  a  solid  two-patch  mode]  ■ 
as  proposed  by  Stewart  and  Dash  [5] .  It  has  been  J  ! 
found  [6] ,  however,  that  a  two-phase  model  can 
describe  the  results  qualitatively  and,  at  least  for 
substrates  2)  and  3)  quantitatively.  The  full  curves 
0f  fig.  2  and  of  fig.  1  of  ref.  [6]  were  computed 
using  this  two-phase  model. 
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A  two  p Last  model  for  hefom  submoooiiycrs  adsorbed  on  argon  and  neon  monolayers  is  proposed  which  consists 
of  two-faoewaotai  t.’-D)  solid-tike  islands,  of  coverage  independent  lattice  parameter,  surrounded  by  a  quasi-ideal 
2-0  vapor.  This  model  can  approximate  the  observed  specif,  heats  of  such  submonolayers  provioed  jn  anomalous 
term  is  sat  reduced  which  may  be  associated  with  those  atoms  located  around  the  perimeters  of  the  islands. 


A  two-phase  model,  with  one  phase  a  mobile  2-D 
gas,  t$  considered  to  explain  trie  specific  heats  given 
ks  the  previous  letter  ( 1] .  The  model  [21  assumes 
that  the  adsorbate  forms  solid-like  tw  >dimensional 
H  D)  isiancs.  st'rrounded  by  a  quasi-ideal  2-D  vapor. 
.The  island  atoms  are  assumed  to  be  in  register  with 
the  substrate,  regardless  of  their  total  number..  This 
system,  at  fractional  coverage  x  (x- 1  is  a  completed 
monolayer)  has  these  terms  in  its  specific  heat: 

1 1 A  2-D  lattice  term,  due  to  vibrations  in  the 
island.,  which  is  assumed  to  be  a  2-D  Debye  function, 
Le.  C'i ;\k  =  D  (7/0).  with  0  independent  of  x  and 
-with# 

2)  A  desorption  term,  due  to  evaporation  into  the 
3-D  voids  above  the  surface,  in  which  is  included  a 
small  term  due  to  the  specific  heat  of  the  3-D  vapor. 
By  extending  the  theoretical  work  of  Fisher  and 
McMillan  [3|  on  the  3-D  vapor  pressure  to  a  tw  o- 
phase  system,  term  21  gives,  at  sufficiently  low 
temperatures,  a  specific  heat  per  atom. 

C2  R2jrm)J/2k5/2]  V  ( _ _\  rl/2  v 

A*L  h2  JVAI  -x) 

X  .  |  7-]2+f7-2}cxp<-  j)  (1) 

where  V  is  the  3-D  vapor  volume  in  the  calorimeter,. 
nm  the  number  of  moles  in  a  helium  monolayer  in  the 
calorimeter  and  where  E'  is  the  effective  binding 

*  Supported  in  pari  b>  a  grant  from  the  National  .ctcncc 
1  oundatmn  and  bv  conliacts  with  ONR  and  DOD  (Themis 
Program  l 


energy,  being  equal  lo  the  binding  energy  for  zero 
coverage  less  the  adsorbate  pair  interaction  energy 
HI  .  Note  that  C2  is  iropcrtional  to  1/(1  — x)  and  to 
m  2/2 . 

3)  A  desorption  te  in,  due  to  evaporation  iron) 
the  islands  into  the  2-1)  vapor  in  which  a  small  term 
o ae  to  the  2-D  vapor  itself  is  included  This  yields  a 
specific  heat  per  particle' 
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f  2 nmk2  A  f l-x\  y  -i 

L  h2  nmR  '  *  ' 


{(E2  +  T)2  +  T*}X 


X  expi-EJT)  (2) 

where  A  is  the  total  surface  area  in  the  calorimeter 
and  E2  is  the  lateral  (2-D)  binding  energy  of  an  atom 
at  the  perimeter  of  an  island.  Note  that  C3  is  prop¬ 
ortional  to  ( 1  -x)jx  and  to  m. 

4)  A  1-D  lattice  term,  due  to  vibrations  around  the 
perimeters  of  the  islands.  This  yields  a  negligib*  < 
small  contribution. 

5)  An  ‘anomalous’  term,  perhaps  due  to  one  or 
more  of  the  following,  a)  Transitions  between  sites 
of  different  energies  around  the  fretted’  edges  of 
the  islands,  which  would  give  a  term  proportional  to 
the  perimeter,  b)  Tiansitions  between  different  areal 
configurations,  assuming  some  distortion  in  the  2-D 
lattices;  c)  following  Roy  and  Halsey  [5] ,  terms 
due  to  distributions  among  heterogeneous  sites  of 
long  lange  potential  variation. 

We  have  applied  this  model  to  the  specific  heat 
data  [1,6]  for 3  He  and  4  He  on  argon  and  neon  mono- 
layers  on  copper  and  have  found  that,  at  low  cover¬ 
ages,  the  sum  of  1)  through  3)  does  not  completely 
represent  the  data.  There  remains  the  anomalous 
term.  As  an  illustration  of  this,  fig.  1  shows  the 
experimental  data  points  (o  for  Mahadev  et  al.  [1] , 

X  for  Stewart  and  Dash  [6] )  together  with  curves 
showing  terms  1),  2)  and  .3)  separately  for  0.2 
monolayers 4  He  on  an  argon  monolayer  on  copper. 
The  full  curve,  roughly  agreeing  with  experiment, 
was  obtained  by  adding  the  curves  for  terms  1 ),  2), 
and  3),  together  with  a  two-level  Schottky  function 
with  energy  gap  A Ejk  =  5k.  We  have  taken  a  two- 
level  function  to  be  a  first  approximation  for  the 
‘anomalous’  term.  Thus  we  find  that  we  can  describe 
the  experimental  results  by  summing  four  terms,  a 
process  which  introduces  five  assignable  variables' 

0,  E',  E 2  and  and  the  maximum  value  of  the 
two-level  function  It  has  been  found  that  for  five 


different  coverages  [1]  of 4  He  or  the  :  gon  mono- 
layer,  all  the  experimental  data  can  be  accounted 
for  using  the  same  values  of  four  of  these  variables,  — 
namely  6  =  24K,  E'  =  61.5K,  E2  =  21.5K  and  AE/k  = 

=  5K  and  with  a  variation  of  the  maximum  value  of 
the  two-level  function  proportional  to  l/.r1/2.  This 
proportionality  is  suggestive  of  a  mechanism  associated 
with  those  atoms  located  around  the  perimeters  of  th 
islands.  It  is  noted  that  the  values  of  E'  and  E2  are  co 
sistent  with  previous  estimates  of  these  terms  from 
other  data  [6-8] .  Furthermore,  with  a  change  only 
in  6  from  24.5  K  for 4  He  to  26.5  K  for 3 He,  the 
same  values  of  the  other  parameters  account  very 
satisfactorily  for  the  observed  specific  heats  of  four 
different  coverages  [6]  of  3He  on  argon.  In  addition 
for  three  different  submonolayer  coverages  of  4  He  on 
the  neon  monolayer  [  1  ]  the  same  situation  holds, 
namely  all  the  specific  heat  data  can  be  approximated 
by  the  model  with  the  following  values  of  the  param¬ 
eters;  0  =  22.0  K,  E'  =  46  0  K,  E2  =  16.0  K.  and 
AE/k  =  5  K,  and  with  the  maximum  value  of  the 
two-level  function  the  rime  as  that  for  the  argon 
substrate  at  equivalent  coverage. 

I  wish  to  thank  Dr.  P.  Mahadev  for  his  help  and 
Drs.  F.  Pollock  and  A.D.  1  ^vaco  for  valuable  discus¬ 
sions. 
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Two  cryostats  were  built  for  desorption  cooling  in  the  temperature  range  below  12  K,  ■ 

using  desorption  of  He  4  gas  from  synthetic  zeolite.  The  desorption  cooling  experiments 

carried  out  with  these  cryostats  are  described.  The  initial  temperatures  chosen  were 

120  K,  10.0  K,  8.0  K,  and  6.0  K  and  initial  pressures  between  0.25  atm  and  1.00  atm 

(1  atm  -  101  kN  m'2).  Final  temperatures  tanged  down  to  1.83  K.  Measurements  were  , 

made  of  the  rate  of  warm-up  under  various  power  loadings  (powers  up  to  12.8  mW  were 

employed)  at  the  final  tow  temperatures  and  the  results,  as  a  function  of  the  average 

temperature,  are  presented.  With  tire  larger,  cryostat,  containing  130  g  of  synthetic 

zeolite  refrigeration  was  maintained  for  periods  longer  than  25  hours.  An  assessment  ' 

ismaoeon  the  limitations  of  the  cooling  process  based  on  the  results  re  oorted  here  ant 

on  previous  experiments  on  adsorption  isotherms.  Data  are  presented  in  tabular  form. 

for  the  expected  duration  of  refrigeration  and  total  refrigerative  capacity  at  various 

temperature  levels  from  3.0  K  to  6.0  K  for  1  kg  of  synthetic  zeolite;  as  an  example. 

this  would  permit  refrigeration  to  be  maintained  between  4.0  K  and  5.0  K  for  130 

hours  for  a  1  mW  power  loading 


Desorption  coding  below  12  K  using  He4  desorbed 
from  synthetic  zeolite 

J.  G.  Daunt  and  C.  Z.  Rosen 


The  expei  imentai  investigations  reported  here  were  under¬ 
taken  in  a  study  of  the  potential  application  of  desorption 
cooling  as  a  second  stage  for  futher  lowering  of  temperature 
in  miniaturized  refrigeration  systems.  Desorption  cooling 
offers  some  advantages,  especially  in  simplicity,  for  main¬ 
taining  temperatures  in  the  range  2  K  to  10  K,  starting 
fioni  temperatures  readily  produced  by  mechanical 
refi.gerators1  or  solid  hydrogen  packs.2 

\ 

The  method  is  well-known,  having  been  devised  many 
years  ago  by  Simon3  and  used  for  helium  liquefaction  by 
Mendelssohn4  as  early  as  1931 .  Moreover,  some  experi¬ 
mental  studies  of  the  performance  of  desorption  cooling 
systems  in  the  temperature  range  below  20  K  using 
activated  charcoal  as  the  adsorbent  were  made  some  time 
ago  by  van  Itterbeek  and  van  Dmgcnen5  and  by  Kanda.6 
More  recently  Bewilogua  and  Reichc!7  have  reported 
similar  experimental  studies  at  higher  temperatures 
(40-70  K)  using  silica  gel  as  the  adsorbent..  Some  of  our 
preliminary  results  on  desorption  cooling  using  various 
adsorbents,  namely:  charcoal,  silica  gel,  alumina,  ind 
synthetic  zeolite,  have  already  been  reported8-0  oy  one 
of  us(JGD).  These  results  indicated  that  synthetic 
zeolite  (Linde  Molecular  Sieve,  type  13X)  was  a  more 
favourable  material  for  desorption  cooling,  using  He4 
as  the  working  gas,  in  the  temperature  range  2  K  to  10  K 
than  many  others.  A  more  detailed  experimental  study, 
therefore,  of  dcsorpticn  of  He4  from  synthetic  zeolite 
seemed  justified  and  the  results  arc  presented  below. 

In  the  meantime  we  have  published10-1 1  detailed 

JGD  is  Director  of  the  Cryogenics  Center,  Ste  ens  Institute  of 
Technology,  Castlepoint  St,  Holbroken,  NJ,  USA  and  CZR  is 
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measurements  of  the  adsorption,  isotherms  of  He3  and  He4 
on  synthetic  zeolite  13X  in  the  temperature  range  4,2  K  to 
20  K,  together  with  the  deduced  equilibrium  thermo¬ 
dynamic  data,  1  he  latter  are  of  value  in  interpretation 
of  the  present  desorption  experiments. 

A  description  of  the  synthetic  zeolite  adsorbent  together 
with  details  of  its  preparation  is  given  in  section  1 . 

Section  2  describes  the  experimental  arrangements  and 
procedures,  rhe  latter  covered  not  only  measurement  of 
the  final  pressures  (ff)  reached  from  a  variety  of  initial 
temperatures  (7})  and  pressures  (p,)  but  also  covered 
extended  me;  urements  of  the  maintenance  of  the  low 
temperatures  for  periods  up  to  25  hours.  During  these 
extensive  runs,  heat  was  applied  electrically  in  various 
measured  amounts  up  to  about  13  mW  to  the  desorbed 
sample  cell  and  the  resulting  warming  rates  recorded. 

Data  from  many  of  these  runs  are  reported  in  section 
3  together  with  other  pertinent  experimental  results 
that  were  obtained: 

Section  4  discusses  the  results  in  detail,  presents  an  inter¬ 
pretation  of  the  physical  processes  determining  the 
desorption  coolings  and  the  refrigeration  capacities,  and 
provides  in  tabular  form  engineering  data  for  future  design 


1.  Details  of  the  adsorbent  and  its  preparation 

The  synthetic  zeolite  which  was  used  in  our  experiments 
as  adsorbent  was  obtained  from  the  Linde  Division  of 
Union  Carbide  Corporation  and  is  referred  to  as  ‘Molecular 
Sieve  1 3X’  The  chemical  composition  of  a  hydrated  i.n-t 
cell  isgiven  by  Na86|(A10,)g6(SiO2)|06j  276H20.  It 
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TaMel.  Data  on  content  by  volume  o*  zeolite  13X 
peNets  haring  2%  by  wei^t  of  water.  (From  Mr  F.  Harm.16 
pi  irate  cownuTac atom) 


Volume  - 

%of  pellet  volume 

Intrar/ystal  void 

28.1 

Solid  portion  of  crystal 

29.3 

Solid  portion  of  binder 

9.3 

Intercrystal  void 

33.4 

consists  of  Si04  and  A104  tetrahcdra  which  build  up 
structural  units  of  truncated  ocuhedra.  called  0-cages12’13"14 
of  interior  diameter  6.6A.  The  0-cag es  are  tetrahedrally 
arranged  and  there  are  8  0-cages  in  a  unit  cell.  The 
tetrahedral  framework  of  the  0-cages  enclose  la'  ,er  poly¬ 
hedral  cavities  called  a-cages13-15  having  a  free  flam-ter 
of  about  1  i.8  A.  There  are  8  a-cages  per  unit  cell,  which 
is  a  cube  of  side  24.95  A.  The  8  a-cages  and  8  0-cages 
per  unit  cell  provide  an  intracrystal  void  volume  of 
8  080  A3,  or  about  50%  of  the  total  volume  of  the  crystal. 

Pellets  of  zeolite  13X  were  used  in  the  experiments  reported 
here.  They  were  specified  to  contain  20%  by  weight  of 
an  ‘inert  clay  binder'.  They  were  approximately  ‘/<  in 
(6.4  mm)  long  and  '/t6  in  ( 1 .6  mm)  in  diameter.  The 
partially  dehydrated  pellets  used  contained  about  2%  by 
weight  of  water  and  had  a  density  of  about  1.0  g  cm'3 : 
this  water  is  necessary  to  prevent  structural  distortion.16 
The  different  volumes  occupied  by  the  crystals  and  the 
binder16  a^e  noted  in  Table  I  taking  one  pellet  as  the  basis 
for  100%  of  the  volume. 

In  both  the  cryostats  used  in  our  experiments,  each 
desorption  cell  was  first  filled  with  pellets  to  its 
maximum  capacity.  In  doing  this,  an  electric  vibrator 
was  used  to  maximize  the  filling.  Then  this  filling  of 
zeolite  was  removed  and  dried  in  a  vacuum  oven  at  1 10°C 
for  over  24  hours.  It  was  then  weighed  in  a  covered 
weighing  bottle  at  loom  temperature.  An  identical  heating 
and  weighing  procedure  was  repeated  several  times  until 
there  was  no  further  weight  change.  The  final  weight  of 
the  filling  for  the  first  (small)  cryostat  (System  A)  was 
3.53  g,  which  corresponded  to  a  pellet  density  of  about 
1 .08  g  cnr3.  This  treated  and  measured  quantity  of 
zeolite  was  then  replaced  in  the  desorption  cell.  The 
weight  of  the  pellets  for  the  second  cryostat  (System  B) 
was  measured  after  an  identical  procedure  and  was  129.6  g. 

After  the  abrivc  procedure  of  filling  each  desorption  cel!, 
the  following  preparatory  treatmen-'  was  carried  out  before 
experiments  began:  (1 )  high-vacuum  pumping  at  60°C  for 
several  hours,  (2)  high-vacuum  pumping  at  room  temperature 
for  more  than  48  hours.  (3)  purging  several  times  with  dry 
He4  gas  at  room  temperature,  and  (4)  high  vacuum  pumping 
at  room  temperature  for  more  than  48  hours  It  is  noted 
that  purging  with  the  adsorbate  is  recommended  by 
Brunauer17  to  be  one  of  the  most  effective  methods  of 
purifying  the  surface. 

Furthermore,  between  eacli  desorption  run  we  adopted  a 
routine  of  high  va  mini  pumping  of  the  desorption  cell  at 
room  tempera  urc  for  48  hours  in  order  to  assure  repro¬ 
ducibility  of  uur  data  _ 
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2,  Experimental  arrangements  and  procedures 

Two  desorption  apparatus  were  **sed  is  the  experiments, 
a  small  scale  one  (System  A)  containing  3.53  g  of  13X 
adsorbent  and  a  larger  one  (System  B)  containing  1 29.6  g 
of  13X  adsorbent. 

System  A  is  described  first.  In  h  the  adsorbent  was  com 
rained  in  a  desorption  cell,  Vj .  rocn  prising  a  copper 
vessel  of  internal  volume  5.70  cm3  and  mass  24.2  g  to 
which  was  attached  a  calibrated  germanium  resistance 
thermometer  (SoUtron,  type  No  2401),  a  100  2  heater 
comprising  a  bifilarty  wound  »wg  No  32  Evanohm  wire 
and  a  1&  mm  id  thin  walled  stainless  si  eel  fining  and 
exhaust  tube  which  led  to  the  room  temperature  part  cf  the 
cryictat.  The  vessel  Vj  was  located  within  an  inner 
vacuum  vessel.  V,.  which  in  turn  was  located  within  an 
outr  vacuum  vessel  V3.  The  outer  vessel  Vj  was  immersed 
in  a  liquid  He4  bath  at  4.2  K  and  could  be  evacuated  to 
high  vacuum. 

The  inner  vacuum  vessel,  V2.  was  equipped  with  two 
calibrated  germanium  resistance  thermometers,  (same  type 
as  on  V, ).  a  200  'A  heater  (similar  to  that  on  Vj ).  One 
resistance  thermometer  and  the  heater  were  connected  to 
an  electronic  temperature  controller  by  means  of  which  V-, 
could  be  maintained  at  any  desired  preset  temperature 
between  4.2  K  and  80  K  with  a  long  term  precision  of 
±  0.003  v  By  having  initially  exchange  gas  in  V2.  the 
desorption  cell  Vj  could  be  filled  w:th  He4  gas  at  any 
desired  initial  temperature  in  the  above  mentioned 
temperature  range.  Before  starting  a  desorption  run,  V*2 
would  be  highly  evacuated  in  order  to  isolate  Vj  thermally 

fvAfW  rMrvrtf**! 

(iMiu  aoi lOUIIUIK^J. 

System  B,  with  the  larger  amount  of  adsorbent , 
incorporated  a  larger  diameter  tube  for  pumping  on  the 
desorption  cel!  and  a  separate  tube  for  measurement  of  the 
pressure  in  the  cell.  It  incorporated  otherwise  similar 
general  qualitative  arrangements  as  System  A  and  it  is 
sketched  in  Fig.l.  The  significant  differences  were  as 
follows:  the  desorption  cell.  Vj ,  was  a  cylinder  of  copper 
with  internal  dimensions  10.2  cm  long  and  5.1  cm  id  and 
weighing  386  g.  The  pumping  tube  connected  to  Vj  was 
0.90  cm  id  and  5.0  cm  long  between  V}  and  V-,  (sec  Fig.l ). 
1.85  cm  id  and  48.0  cm  between  V-,  and  the  60  K  level, 
’■■here  it  enlarged  to  3.68  cm  id  to  the  top  flange  of  the 
cryostat.  It  contained  two  radiation  baffles,  as  shown  in 
Fig.l.  Above  the  top  flange  it  enlarged  to  5.1  cm  id  and 
led  through  a  liquid  nitrogen  cooled  trap  to  a  NRC  B-2  oil 
booster  pump  backed  by  a  */j  lip  (248  \V)  rotary  mech¬ 
anical  pump  (Welch  DuoSeal  1400). 

The  tube  (not  shown  in  Fig.l)  leading  to  the 
deception  cell.  V| .  for  measurement  of  the  pressure  was 

2.7  nun  id  and  2.5  cm  long  between  Vj  and  V-,  and 

5.8  nun  id  and  81.3  cm  long  between  V-,  and  the  top  of 
the  cryostat.  The  pressure  in  the  desorption  cell  was 
measured  by  various  gauges  located  at  room  temperature, 
including,  for  the  final  pressures,  p.  reported  below, 
helium  calibrated  Vccco  thermocouple  gauges,  types 
DV3M(0  1  000pm) and  DV5M ( I  lOOpin) 

After  each  cryostat  was  cooled  to  4  2  K.  an  experimental 
desorption  run  proceeded  first  by  adjusting  V,  to  a 
desired  initial  temperature,  7,.  will)  exchange  gas  within 
it  so  that  V|  attained  the  same  temperature  Then  dried 
Me4  gas  of  purity  9°  995';  a ftcr  passing  through  a  charcoal 
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Fig.1  Scale  drawing  of  the  second  desorption  cryostat 
(System  B)  in  section 


purifier  maintained  at  77.4  K,  was  introduced  into  Vj 
to  a  predetermined  initial  pressure,  p,.  When  equilibrium 
was  attained,  V|  was  thermally  isolated.  This  was 
achieved  by  high-vacuum  pumping  of  V,.  The 
desorption  was  initialed  immediately  thereafter,  after 
Pi  and  Tj  were  recorded. 

Desorptions  were  carried  out  using  the  1400  Welch 
mechanical  pump  f"r  pumping  on  the  desorption  cells 
and.  in  the  case  of  System  B.  using  in  addition  the 
NRC  B  2  Booster  Pump.  The  final  pressures,  pj 


nhtiird  ■  Ik  dcsoqptioa  irliMii — n  pmnrlredac 
woe;  (1)  without  the  Booster  atSDiolDfn 

for  pumping  trail  the  TrhMini  puciy  V»cad(2) 
abou 1 10  to  13  prefer  pumping  will  the  Booster  purepc 
These  pressure  values  at  tomclcd  oacs,  cotrrdims 
having  bee*  aade  in  the  case  of  System  B  for  tktao- 
malrailv  preswr  effects1*  and  m  ik  case  of  System  A 
for  the  jreaue  drop  due  to  the  ps  flow  up  the  tube 
between  the  desorption  cd  sad  the  gaage.  as  wdl  as  for 
the  thcrmctnolecnbr  pressure  effects; 

I  n  each  desorption  ran  die  temperature  of  the  desorption 
ctfl  and  its  pressure  were  obsec-ed  throughout  the 
duration  of  the  ran.  Moreover  measured  heating  powers 
were  applied  in  raying  amounts,  when  desired,  to  the 
desorpiior.  cel  and  the  resulting  temperature  and 
pressure  changes  observed. 

3L  The  experimental  results 

The  initial  data  of  interest  are  the  minimum  final  temper- 
atures,  and  their  associated  pressures.  p*,  attained  by 

desorption  from  various  initial  temperatures,  7},  and 
pressures,  pj.  The  observed  results;  obtained  using  both 
cryostats  (System  A  and  System  B)  are  presented  in 
Tables  2  and  3,  which  also  include  sample  data  on  the 


Table  2.  Desorption  experiments  data  taken  without  use  of 
booster  pump  (final  pressure  £0  to  70  pm) 


7}.K 

Pi.  atm 

r  =  T/Tfmjn 

rm<n 

8.0 

0.95 

1.83 

328 

15 

8.0* 

0.25 

4.80 

1.67 

10 

8.0 

0.48 

3.70 

2.16 

35 

8.0* 

050 

3.64 

2.20 

10 

8.0 

0.50 

J./2 

2.15 

35 

8.0 

0.50 

3.75 

2.13 

40 

8.0 

0.83 

3.31 

2.42 

20 

8.0* 

1.00 

3.07 

2.61 

10 

8.0 

1.06 

3.25 

2.46 

30 

10.0* 

0.25 

7.04 

1.42 

_ 

10.G* 

0.50 

6.10 

1.64 

— 

10.0 

1.00 

4.85 

2.06 

- 

12.0* 

0.25 

9.45 

1.27 

_ 

12.0* 

0.50 

8.51 

1.41 

— 

12.0* 

1.00 

7.27 

1.65 

- 

*  the  data  marked  v." 

lit  an  asterisk  were  taken  using  System  A. 

Table  3. 

Desorption  experiments  data  taken  with  use  cf 

booster  pump  (final  pressure  10  to  13  pm  (System  B)) 

T„K 

Pr  atm 

^V,  min  • 

K  r  Tj/Tf'  m,n 

8.0 

0.50 

3.20 

2.50 

8.0 

0.50 

3.10 

2.58 

80 

1.06 

2.72 

2.94 
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O  02  0.4  0.6  0.8  1.0 


Incite*  presscre  .  p,  .ct»  { l  cut =  lOEUN  *' 2 ) 


Fjj2  Plot  of  the  ofarenred  rvalues  =  T/T/mitf  versus 
initial  pressure.  prlor  mol  nlm  ot  the  imtal  tnnpuaurt. 
T-r  The  dxa  were  taken  using  the  mechanical  pump  only 


0  02  0.4  0.6  0-8  1.0  1.2 

Initial  pressure.  p,.aun(iatm=iOlkNm'iJ 


Fig.3  Plot  of  the  observed  r  value-  v  =  T/Tfmm)  versus 
initial  pressure.  pr  for  initial  temper-  ture,  Tj.  of  8.0  K. 
The  data  lwe  taken  using  the  Booster  and  the  mechanical 
pump 


imc.  -mjn.  taken  to  reach  7>  mm  from  the  initial  con¬ 
ditions  and  evaluation  of  tnc  ratio  r.  where 
r  =  TJTf  mnr  Table  2  gives  the  results  for  desorption 
using  the  mechanical  pump  (Welsh  model  1400)  only 
for  both  System  A  and  System  B,  whereas  Table  2 
presents  the  results  obtained  for  desorption  using  the 


initial  tenpercujre.  7>.K 


Fig.4  Plot  of  the  observed  r  values  lr  =  TfTf  rrerl)  versus 
initial  temperature.  7-  for  two  initial  pressures  p(  =  05  atm 
approx  andp(.  =  1  atm  approx.  The  data  were  taken  using 
the  mechanical  pump  only 


Booster  Pump  as  well  as  the  mechanical  pump  on  System 
B  only. 

Fig.2  shows  a  p'ot  of  the  observed  r  values  as  a  function 
of  initial  pressure,  /$,  for  initial  temperatures.  Tr  of 
6.0  K,  8.0  K,  10.0  K.  and  12.0  K  for  desorption  to 
pressure;  (pA  ot  50  to  70  pm  (mechanical  pumping 
only).  Fig.2  shows  a  plot  of  the  observed  r  values  as  a 
function  of  initial  pressure,  p,.  for  initial  temperature 
Tj  =  8.0  K  for  desorption  to  1 0  to  13  pm  (Oil  diffusion 
Booster  Pump).  It  will  be  seen  that  the  ratio,  r,  for  a 
given  pumping  arrangement  increases  monolonically  with 
increasing pt  and.  at  constant  ps. .  .’creases  with 
increasing  Tj.  Also  the  increase  in  ti  ratio,  r.  for 
desorption  using  the  Booster  pump  with  System  B  is 
clearly  shown  for  the  Tt  -  8.0  K  and  p (  =  0.5  atm 
(1  atm  = 101 kN  nT2).  use  of  the  Booster  Pump 
dccicascs  the  value  of  Tj  mm  by  about  15T  below 
the  value  obtained  with  ti  c  mechanical  pump  alone. 

Fig.4  presents  the  desorption  data,  plotting  the  ratio,  r. 
versus  the  initial  temperature.  Tr  for  different  initial 
pressures.  pr  of  about  0.5  and  1 .0  atm  and  for 
desorption  to  p,  values  between  50  and  70pm  It  is 
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tale  of  a  jrnig  daring  ekes  period  8  shown  era  the  g*apfa 
of  fif5.  Ai  twite  516  eke  bextsag  mas  cat  off  and  at 
Ike  same  time  Ike  Booster  ftiaf  mas  rkarrivxlrd.  so  that 
the  pumping  front  elms  time  oo  mas  by  the  medxzckal 
pumpclo oe.  By  minute  150*.  mken  the  ran  mas 
terminated,  the  temperature  of  the  adsorption  cell  had 
fallen  to  4.35  K_ 


Many'  desorption  runs  similar  to  that  shown  in  Fig_5 
mere  made  ana  from  them  the  healing  rates,  dTfdt.  for 
various  input  beating  posters  P.  and  at  various  values  of 
the  average  temperature  and  pressure  were  determined 
Typical  data  obtained  in  this  may.  using  Sys'-.m  B, 
are  shown  in  Fig_6.  mhkh  plots  two  curves  of  the  steady 
warming  rale  (dT/dl)  versus  the  heating  power.  P.  for 
warmings  at  about  3.5  K  ±  0. 1  K  and  at  about 
5.5  K  ±  0.3  K.  The  numbers  in  parenthesis  to  the  right 
of  each  point  in  Fig.6  gives  the  average  pressure  in  microns, 
which  varies  here  from  19  to  36  microns.  It  is  evident  that 
these  values  of  (dT/dt)  increase  approximately  linearly'  with 
P  and  grow  larger  as  the  average  temperature  is  retfjU-*  at 
constant  P.  It  is  further  evident  that  the  zero  power  rate 
of  temperature  rise  is  quite  small.  (dT/dt)  <  5  mK  s'* 

By  extrapolation  of  the  curves  backwards,  one  estimates 
that  the  heat  leak  :o  the  absorption  cell  (System  B)  in  the 
absence  of  lieatcr  power  ( P  -  0)  lies  between  0.2  and 
0.5  mW. 


T,  =  8K 


*fcl 

tJ  f 

P,  -  0.5  atm 
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5  4.'. 
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1  • 
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Hooting  oil, 

boottrr  pmp  on  4.35K 
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Fig  5  Plol  of  'emperature  versus  lime  tor  a  typical  r„n  with 
syslem  B  wilh  T(  8  0  K  and  p,  0.5  aim  For  detailed 
comnicnlary  sec  texi 
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4.  Discussion 

It  is  of  tnleresi  to  consider  in  connexion  with  our  results 
the  va.kbles  which  affect  the  low  temperature  reached, 
and  in  particular  in  the  desotplion process.  Fora 

given  adsorbent  material  and  working  gas.  the  majot 
variables  ate: 

1 .  The  irniial  temperature.  7~ 

2.  The  initial  pressure.  Pi 

3.  The  heat  capacity  of  the  desorption  cell  and  its  addenda 

4.  The  residual  heat  leak  into  the  desorption  cell  and, 
if  applied,  the  power  dissipated  in  the  cell 

5.  T  lx  throughput  and  pressure  capability  of  the  pump 

6.  The  flow  resistance  of  the  pumping  line 

7.  The  flow  resistance  within  the  pores  of  the  adsorbent 
material. 

Considering  first  item  (3).  the  heat  capacity  of  the  desorption 
cell  and  its  addenda,  wc  note  that  for  System  A  the  mass  of 
copper  in  the  desorption  cell  was  24.2  g  and  that  for 
System  B  286  g.  If  wc  consider,  as  an  example,  a  cooling 
from  8.0  K  to  4.0  K.  the  enthalpy  difference.  AH,  for  the 
copper  between  these  two  temperatures  is  about  0.024  J 
for  System  A  and  0.28  J  for  System  B.  This,  is  to  be  com¬ 
pared  w  th  the  heat  of  desorption  in  each  system.  Taking, 
as  previously  reported  by  us.10  the  heat  of  desorption  at 
2  !2ycr  coverage  to  be  about  500  J  mole'1 .  the  surface  area 
of  the  synthetic  zeolite  13X  to  be  527  m2  g-1  and  a  ‘layer’ 
to  Hp  about  0.3  cm3  (STP)  m'2.  then  the  total  heat  of 
desorption  pci  layer  (at  about  2  layers  coverage)  is  about 
1 2.5  J  for  System  A  and  460  J  for  System  B.  It  appears 
therefore  tlui  in  the  desorption  process,  the  cooling  of 
the  copper  part  of  the  desorption  cell,  imposes  a  very  small 
load  on  the  coolant  process  at  these  low  temperatures. 
However  as  is  discussed  later,  tlic  total  heat  capacity  of  the 
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smQ  2EKCEI  ^  2ft£lf  enspfioyed.  At  modi  kahej  ifapra- 
tcres.  for  example  o^asd  rairopa  lerEperatures.  (Ms 
favourable  bgh:  loadicf'  of  the  desoeptioa  cefl  »  no  looker 
nlid,  s  k  hne  feead  0  stprait  aponaenis.19  For 
imtol  temperatures  therefore  beknr  about  12  K_  h  b 
possible,  at  least  f<  r  the  larger  cryostat  (Syrian  B)  to 
neglect  in  firs!  approximation  the  effect  of  item  (3).  the 
heat  capacity  of  the  desorption  cell  and  its  addenda  and 
contents,  cm  the  cooling  process. 

One  may  therefore  consider  the  coohng  process,  for 
sufficiently  'aw  initial  temperatures  as  described  above, 
to  be  as  indicated  in  Fig.7  which  sketches  a  family  of 
typical  equilibrium  adsorption  isotherms  of  the  mass 
adsorbed  versus  vapour  pressure.  Note  that 
Fj  >  Tj  >  F3  >  F,.  If  the  initial  mass  adsorbed  is 
and  the  initial  pressure.  pr  represented  by  the  point  A. 
then  a  desorption  would  be  represented  by  the  path  A-*B. 
where  at  B  the  mass  adsorbed  is  m^(iry</n<)  and  the 
pressure  Pf(Pf<pt)  There  is  also  a  contribution  to  the 
cooling  process  due  to  isentropic  expansion  of  the  gas  from 
the  void  volume  of  the  adsorption  cell  (Simon  expansion-0). 
This  results  in  further  reduction  of  the  difference  between 
mf  and  ntj. 

For  adequately  low  values  of  7|- .  3$  discussed  above,  the 
difference  between  m, and  would  be  small,  as 
sketched  in  Fig.7.  The  final  temperature  reached 
(in  Fig.7,  this  is  F3)  therefore  is  determined  by  p^.  Each 
adsorbed  will  have  its  own  characteristic  family  of 
isotherms  similar  to  that  sketched  in  Fig.7  and  hence  for 
a  given  /y  the  value  of  7V  will  be  characteristic  of  the 
material  used.  For  synthetic  zeolite  1 3X  the  isotherms 
between  4.2  K  3P'>  20.0  K  have  been  published  by  us 
elsewhere.10-** 

A  comparison  of  the  ’at  3  reported  here  with  cslimalcs  of 
desorption  codings  calculated  from  our  previously  measured 
isotherms  shows  that  for  F(  =  6.0  K  and  R.O  K  iliac  is  good 
sc'f-consistcncy.  (Quantitative  comparisons  howcvei  arc 
not  possible  because  the  isotherm  data  docs  not  go  below 

F  ' 


4L2K)k  lanmojpwsti*  nt&r sonar waw tarcacfimp 
tAfnnmtviehTg1  BSUfflEamJ  IZffeKwcffihdltfcat&r 

(fcSXjpCSZ  8  iff  flcoygiaBKI 

a*awra«fflarwtsufllSc*jwa!  feMtttSroBtiSBsnjs&y 
gassSa^m^^  T&nmruw  be  matsjefani  as  ana  imfiua.'ami 

tSne  few  tar  uadi  xtsflaor  cry  uwjm  (Sjuatac  AD  tfer  meg 

pnonmaft^' tto  ^  auttHWgftyfife  i«afl^  5c^ 
rtr  icsneytasoi  'MB  ctis  afjaifa  as  rtw  Ri^ftwn 

vtonttai  Tz. 
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©<f  the  a&Mbwic  mafiraiai  bust  tita  aca-Je  mrninnf  by  dat 
xppaaaxcswsxd.  fcn  pcurraue  three  »  always  some  be* 
ka&  nco  tir  at&aebcas  aszaa^  am£  Ebemr  msi|y  be  soone 
eefimjeenste  toafi  apgfiiedL  Vo  ctTjet  rife  heat  icgwoti  power. 
p,  these  mass  6c  a  csrafinnwas  irsocptowB.  n®  anrwuae 
m  g  i"1 ,  gam  by  t=  Qmc,  Q  h  the  has  df 
(toucgesca  aa  the  pcawf atf.pA.  la  any  gams  aggasaatat. 
the  gas  flow  as  fcosa  niscresieic:  to  ewers?  w30  an  eeacrac 
dctfiErnw  fy  the  raeoirus  (5).  (6).  ami  (7)  bring  ths-se 
wfekhase  nri  Ar  B  ♦ffrrnirntft.-iyn 

For  the  zpyaraa  as  cased  ns  oca  r  ■  tsaamts,  sroifi  foe 
Syssec 3  A  zsd  System  B.  we  tr  k s  deui  tbr  -raises 

of  (4).  (5).  rod  (6)l  The  reskfcai  hear  kat  ado 
dsoqKsoci  cell  of  Syweca  A  wasaboct  25  pW.  wftweas 
as  tiszt  cio  thr  cell  of  System  b  was  (as  stated  cariarr) 
from  200 gW  to  500 pW.  Moreover,  as  re, sorted  m 
sectaors  3.  many  inpet  powers  were  appibed  to  the 
desorp!k>Q  ceO  of  System  B  in  anweais  up  to  12.S  aX. 

The  approxiunte  rahsesrrf  the  heat  of  adsorpawn 
(destMpiion)  are  known  for  lie4  on  synthetic  zeolite 
from  our  prericas  wort.10-1 1 

Item  (5).  the  characteristics  of  the  pump  are  Known 
2nd  item  (6).  the  flow  resistance  of  the  pumping  tubes 
was  estimated  in  a  manner  similar  to  that  previously 
employed  by  one  of  us  ( JGD).-*  In  the  situation  here, 
account  was  taken  of  the  change  from  i'otseuille  flow  to 
Knudsen  flow  as  one  went  up  the  pumping  tube  towards 
room  temperature.  The  evaluations  of  items  (4).  (5).  and 
(6)  at  our  disprsal  in  this  way  lead  to  the  ft  bowing 
conclusions: 

(a)  The  primary  limitation  on  pf  and  hence  on  Tj 

for  System  A  and  System  B.  when  used  with  the  Booster 
Pump,  was  the  flow  resistance  of  the  pumping  tubes. 

Larger  tubes  with  lower  resistance  would  result  in 
lover  Tf  until  limitations  due  to  items  (5)  or  (7)  would 
be  encountered. 

(b)  The  pri  nary  limitation  on  pj  and  hence  on  Tf 

for  SystCM  B  using  the  mechanical  pump  3lone  was  the 
pump  it  -elf.  that  is.  item  (5). 

(c)  No  1  vidcncc  was  apparent  for  any  limitation  on 
py  due  To  pressure  drops  within  the  pores  of  the 
adsoib.-nt.  This  may  appear  31  first  somewhat  s'l.pnsing 
111  viev  of  the  finding  in  earlier  work-*  lhal  this  process 
was  a  limiting  fac'or  in  adsorption  pumping  using  cocoanui 
charcoal  grains  as  adsorbent  ll  is  not  in  fact  contradictory 
however  when  one  outsiders  the  much  higher  pressures  that 
arc  obtained  in  the  prcsenl  experiments  ll  sit. mid  he 
noicd  however  that  tins  factor  may  become  of  significant 
influence  if  desorptions  to  much  lower  temperature 

than  those  reported  here  wcie  to  he  carried  out 
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For  tbs  data  of  Fe.6  therefore,  bkk  tbs  pressure 
range  was  from  19  to  36pm,  ass  nav  take  the  first 
approximation  (cmjdT)p  to  be  constant  at  am  selected 
average  temperature.  In  this  case  equation  1  would 
predict  an  approximately  lines'  relation  between 
(dT/dt)  and  P  for  the  conditions  obtaining  in  these 
experiments,  and  this  is  supported  by  the  experiments! 
data  presented  in  Fig6. 

Our  experimental  data  moreover  show  th3t  the  warm-up 
rate  (d T/dl)  at  a  giver  power  level  increases  with 
decreasing  average  temperature.  For  example  at 
P=  5.0  mW,  jhs  ratio  of  (dT/dt)  at  T  =  3.5  K  to  that 
at  5.5  K  is  approximately  2.7:1.  From  FigS  one 
notes  that  the  ratio  of  the  value  of  (dm/bT)p  at  5.5  K  to 
its  value  at  3.5  K.  for  pressures  between  19  and  28  pm  is 
app<  >ximately  23:1.  Since  the  value  of  Q  is  approxi¬ 
mately  independent  of  T,  the  agreement  between  these 
two  ratios  (at  least  within  the  error  of  our  knowledge  of 
the  values  of  ( dmJdT)p  apparent  here)  provides  good 
confirmation  of  the  general  validity  of  equation  I. 


Now  a  comment  regarding  lengthy  periods  of 
refrigeration  with  the  desorption  system,  as  for  example 
was  carried  out  from  minute  250  to  minute  5 1 6  in  the 
desorption  run  using  System  B  which  is  shown  in  Fig.5. 

It  will  be  seen  ;r.  the  figure  that  (dT/dt)  diminished 
gradually  over  this  period.  This  can  be  attributed  to 
significant  depletion  of  the  mass  adsoibed.  In  fact,  for 
this  run  the  mass  adsorbed  decreased  from  approximately 
0.4  cm2  (STP)  m’2.  As  has  been  shown  earlier10  by  us 
for  He4  on  13X.  the  heat  if  desorption.  Q.  increases 


F038  Pfairf  (fe^Br^ttets^iTfecwTOcgpPtggas. 
crifcufiusd  fcasa  aferpcoo  4ica  Sar  i2e  K*5  oa  zsaffee  ?2X 
e~xrra3  ezrScr  fc>/  Etaas  teat  S=t»IO-s  “  Tfieraus&ersam 


ggiAesg^s'ueiteiseegmepJMcgesaacacroes.  MfcarCtaa 
&s/2X  a  2  cesxzw:  tyarsajr 


Tabte4.  Vfernxu? times, At. and tetaj  energy  a&orosd. AF. 
f or  a  desospricci  refrioErafire  system  wriSi  symbste  xeoBto 
(13X)  cf  cess  1  kg  ki  various  temperature  ranges  for  three 
refriag^repagerbaSggici  1  idV.S^.ad  lOraVP. 
for  a  wed  isolated  desorption  cefl  (see  text] 


Panes 

Temperance 

From 3Kto4K  From 4  K to 5 K  From 5 K  10 6 SC 

?  mV/ 

Ar  =  64  hours 
A£  -  230  j 

At  =  130  hours 
A£  =  460  J 

Ar  =  200  hours 
AF  =  730 

5m\V 

Ar=  125  hours 
A£  =  230  J 

Af  =  26  hours 
AF  =  460  J 

Af  =  40  hours 
AF  =  730  J 

10  mW 

Af  =  6.4  hours 
A£  =  230  J 

Ar  =  13  hours 
AF  =  460  J 

Af  =  20  hours 
AF  =  730  J 

as  1.1  is  decreared.  This  increase  in  Q,  which  would  take 
place  gradually  will  result  in  a  diminution  of  (dT/dt)  for 
constant  power  P,  as  is  evident  from  equation  1  and 
reflected  in  Fig 5. 

The  increase  in  Q  during  these  periods  01  prolonged 
pu/nping  moreover  results  in  a  corresponding  decrease 
in  m  when  P  is  constant,  in  order  to  preserve  P  =  -  Qm. 
Since  m  and  py  are  directly  ■  elated  to  each  other,  prolonged 
pumping  also  resulis  in  a  gradual  (small)  decrease  in  pf. 

For  example  in  the  rur  dlustrated  in  Fig.S.fy-  decreased 
from  58  firn  at  minute  550  to  35  pm  3t  mu  ute  500.  Such 
an  effect  is  qualitatively  illustrated  in  the  diagram  ot  Fig. 7 
bv  the  broken  path  line  B-»C' 
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